

















MASS AND SHIELDING OPTIMIZATION STUDIES FOR A LOW ENRICHMENT 




























A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 




Date:      
 
     Signed:        





Signed:        















     Signed:        
Dr. Mark Jensen 
Professor and Director 







A Low-Enriched Uranium (LEU) fueled space reactor would avoid the security concerns 
inherent with Highly Enriched Uranium (HEU) fuel and could be attractive to signatory 
countries of the Non-Proliferation Treaty (NPT) or commercial interests. This thesis considers 
the feasibility of an LEU-fueled kilopower-class space reactor based on mass-optimization and 
shielding considerations.   
The HEU-fueled Kilowatt Reactor Using Stirling TechnologY (KRUSTY) serves as a 
basis for a similar reactor fueled with LEU fuel.  Zirconium hydride moderator is added to the 
core in four different configurations (a homogeneous fuel/moderator mixture and spherical, disc, 
and helical fuel geometries) to reduce the mass of uranium required to produce the same excess 
reactivity, decreasing the size of the reactor. All three heterogeneous geometries yield a 
minimum mass reactor using a moderator/fuel ratio of 80 wt%. The lifetime is directly 
proportional to the initial amount of fissile material in the core in all the cases. Based on the 
small differences in estimated masses, but large difference in estimated lifetimes, between the 60 
wt% and 80 wt% moderated reactors, the 60 wt% moderated systems with disc or helical fuel 
geometries represent the best balance between total mass and operating lifetime. 
Based on the results of the mass-optimization study, the thesis considers shadow shield 
options for an unmoderated HEU-fueled space reactor and a moderated LEU-fueled space 
reactor.  Both reactors are kilowatt-class reactors, producing 15 kWth of thermal power over a 5-
year operational lifetime.  Based on the shielding required to meet established dose limits (a 




less the 1 Mrad in silicon), the moderated LEU-fueled space reactor will require a thicker 
shadow shield than the unmoderated HEU-fueled space reactor.  The thinner reflector of the 
moderated LEU-fueled reactor results in more neutrons reaching the shadow shield at higher 
energies compared to the unmoderated HEU-fueled reactor.  The presence of a significant 
reflector in most space reactor designs means that the core spectrum is relatively unimportant in 
terms of shadow shield design, as the reflector thickness has a much stronger impact on the 
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Space Nuclear Reactors (SNRs) are considered as a compact energy source for space 
applications, which consists of a fission-based thermal energy source used directly or converted 
into electrical energy that can be used for propulsion or power purposes. SNRs are good options 
when traditional solar and chemical space power systems can not meet the mission power 
requirements. This includes interplanetary missions to the outer limits of the Solar System, for 
which solar panels were not suitable as a source of electrical power because of the long duration 
of these missions at great distances from the Sun (IAEA, 2009). 
SNRs are also attractive for manned missions closer to Earth and enable long-duration 
manned outposts on the moon and an eventual manned mission to Mars. For the power levels 
expected for manned missions, SNRs are more compact than solar arrays and provide power 
even when the sun as not visible – such as night on Mars and in the permanently shadowed 
craters of the moon which are thought to harbor water ice (Craft and King, 2010). 
Space nuclear power technology involves the use of thermal energy liberated by nuclear 
processes. There are basically two sources of heat generated by nuclear process for space 
applications, the decay of radioisotopes (such as plutonium-238 which produces heat by alpha 
decay) or the controlled fission of heavy nuclei (such as uranium-235) in a sustained neutron 
chain reaction (Angelo and Buden, 1985).  While the United States of America has only flown 
one space nuclear reactor (SNAP-10A in 1965) (Buden, 2011b), the United States has flown a 
total of 45 Radioisotope Thermoelectric Generators (RTGs) and more than 240 Radioisotope 




A small nuclear fission heat source may be an attractive alternative to RTGs due to the 
limited supply of plutonium-238 (the most common RTG fuel) and the inherent security 
concerns related to plutonium. In this scenario, kilopower systems are interesting because they 
can fill a gap in available electrical power systems between 1 kWe to 10 kWe with operational 
times in excess of two decades (Buden, 2011b). 
The first 50 years of SNR development focused on HEU-fueled reactors, based on the 
common sense that a Low Enriched Uranium (LEU)-fueled space nuclear reactor is not feasible 
(Von Hippel, 2007). According to this point of view, the United Nations General Assembly 
passed the “Principles Relevant to the Use of Nuclear Power Sources in Outer Space” in 1992, a 
resolution that allows all members of the International Atomic Energy Agency (IAEA) to use 
HEU in the outer space for peaceful purposes (UN, 1992). This resolution contradicts the Non-
Proliferation Treaty (NPT), which prevents the use of the HEU by the signatory countries for 
peaceful uses (IAEA, 2002). The basic concern in the use of HEU as space nuclear fuel, 
especially by the United States of America, is based more on political and economic issues than 
properly on the search for solutions that could enable LEU-fueled SNR devices (Kuperman, 
2018). The assumption is that, since the United States of America has already demonstrated this 
technology, a different path or turn point could increase the cost and delay the implementation 
schedule, which could mean the end of the current SNR program (Messer, 2013).  
A new LEU-fueled space reactor appears to be a realistic option for signatory countries of 
the Non-Proliferation Treaty, which ratified the decision to not employ Highly Enriched Uranium 
in future nuclear systems. Recently, Nuclear Thermal Rocket (NTR) technologies have received 
increased attention, leading to the development of LEU-fueled NTR systems (Husemeyer et al, 




Propulsion Optimization Code (SPOC), which provides a significant optimization opportunity 
for LEU-fueled NTRs because of the numerous design parameters that can be adjusted to 
improve system performance (Husemeyer et al, 2015). 
Following the recent advances in the development of a LEU-fueled NTR, a LEU-fueled 
space power reactor for electric power generation appears to be possible. This may be an 
attractive option for signatory countries of the Non-Proliferation Treaty, such as Japan 
(Nishiyama et al.,2009) and South Korea (Lee et al.,2015) which ratified the decision to not 
employ HEU in future nuclear systems. 
This PhD thesis examines the initial design of a LEU-fueled kilowatt-class space nuclear 
reactor to verify the feasibility of a LEU-fueled space nuclear reactor. To achieve this goal, the 
research will address the following objectives: 
(1) Study different moderator geometry configurations option for the reactor core, 
considering both heterogeneously and homogeneously moderated systems; 
(2) Evaluate the impact of changing from an unmoderated HEU-fueled reactor to a 
moderated LEU-fueled reactor on the design of the system’s shadow shield. 
This dissertation consists of six chapters: 1) introduction; 2) background; 3) a study of 
optimized moderator configuration options, looking at four different geometrical combinations of 
fuel and moderator; 4) a shielding analysis for a moderated LEU-fueled kilopower reactor in 
comparison with an unmoderated HEU-fueled kilopower reactor; 5) summary and conclusions; 
and 6) recommendations for future work 
The next chapter provides a detailed background on space nuclear reactors, the reasons 




programs of the United States of America and the former Soviet Union, and recent research on 
the development of a LEU-fueled space nuclear power reactor. 
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Space Nuclear Reactors are an interesting source of power for space applications. Some 
of the advantages of nuclear energy systems in space include: compact size, long operating 
lifetimes, and operation independent of the distance from the sun or of the orientation to the sun 
(Angelo and Buden, 1985). SNRs can operate regardless of their proximity to the sun and they 
can deliver higher specific power than solar panels or batteries. 
Several factors must be considered in the selection of a space nuclear power system. It is 
desirable for the system to be as low-mass as possible, as the mass of the system directly affects 
launch costs. Also, the SNR must be low-risk, safe, and reliable. Space nuclear power systems 
usually offer a very competitive mixture of these factors, which is one reason why nuclear power 
systems continue to be considered for future space missions (Craft, 2009). Figure 2.1 shows the 
why kilopower systems are interesting, and the gap they can fill in available electrical power 
systems between 1 kWe to 10 kWe with operational times in excess of two decades.  
Space nuclear reactors use the heat produced from nuclear fission to produce energy, while 
RTG’s use the heat from natural radioactive decay (Buden, 2011b). The lifetime of a space 
nuclear reactor depends on the amount of excess fuel launched with the reactor (King and El-
Genk, 2004); current designs estimate lifetimes from 5 to 20 years depending on the specific 
design. Space nuclear reactors can readily use dynamic power conversion systems (Rankine, 
Brayton, Stirling, etc.), which would be more efficient than thermoelectric power converters 





Figure 2.1. Applicability of different space power sources (adapted from McClure and 
Poston, 2013). 
 
Although radiation already exists in space, the reactor also emits radiation that could 
cause damage to the spacecraft and, if a manned mission, to the crew. Radiation shielding is used 
to mitigate this potential damage. Figure 2.2 shows a typical layout of a space nuclear reactor 
power system for open space. A reflector surrounds the core, which improves neutron economy 
and reduces the mass of uranium needed to achieve criticality. The shadow shield creates a 
shadow cone, inside which the payload and power conversion components are protected from the 
neutron and gamma radiation produced by the reactor core. The current design philosophy is that 
the shadow shield diameter must be sufficient that all components on the core side of the shadow 
shield are within the shadow cone. Thus, increasing the diameter or length of the reflector can 
greatly increase the size and mass of the shadow shield (Craft, 2009). 
 
This chart includes estimates of 
mass, practicality and utility of 
each power source.
The utility of solar power is 
obviously dependent on distance 
from sun and/or possibility of 
day-night cycle.
Yellow curve is estimate of utility 
at 10 AU, dotted yellow line is 
estimate at 1 AU (no eclipse 
application). 
Limited 238Pu supply has 
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Figure 2.2. Example of a Space Nuclear Reactor System Layout. 
Considering the available technologies, space nuclear reactor systems are the only viable 
energy option to power some space missions and significantly enhance others. Several ongoing 
and foreseeable missions would not be possible without the use of space SNRs. For example, 
Pioneer missions to Jupiter and Saturn and the Viking missions to Mars using the Space Nuclear 
Auxiliary Power (SNAP-19) generator designed by the United States of America, and the Radar 
Ocean Reconnaissance SATellite (RORSAT) satellites system designed by the former Soviet 
Union (Buden, 2011a). 
The presence of radioactive materials or nuclear fuels in SNRs and their consequent 
potential for harm to people and the environment in Earth’s biosphere due to an accident require 
that safety should always be an inherent part of the design and application of space nuclear 
power sources (IAEA, 2009). The next section provides a summary of the fundamentals of space 
nuclear fission systems, followed by a history of the development of space nuclear reactors by 






2.1. Fundamentals of Space Nuclear Fission Systems 
A nuclear fission reactor for space purposes acts as a source of thermal energy. Heat 
generated inside the core of the reactor is transported by a coolant to an electric power 
conversion subsystem. Electrical power conversion can take the form of either static electrical 
conversion elements with no moving parts, such as thermionic or thermoeletric systems or 
dynamic conversion elements, which use the Brayton, Rankine or Stirling cycles to generate 
electricity. 
Stirling engines use a reciprocating piston driven by thermal power to produce electric 
power from a linear alternator (Buden, 2011b).  Stirling engines scale well at low powers and can 
yield power conversion efficiencies significantly greater than that possible with the 
thermoelectric converters used in previous efforts (Buden, 2011b). The excess waste heat must 
be dispersed to space through a radiator, while the radiation emitted during the process of nuclear 
fission in the fuel inside the core of the reactor is mitigated. 
Figure 2.3 presents the main constituent elements of a space nuclear fission reactor power 
system. The main part in this system is the nuclear reactor itself, which contains a fuel 
(fissionable material), and possibly a moderator. The choice for a moderated reactor considering 
an LEU fuel is explained because the high uranium-235 fission cross section in a moderated 





Figure 2.3 Space Power Systems Elements. 
fuel enrichment. The moderator material thermalizes the fast neutrons generated during the 
fission process by successive elastic collisions with light nuclei, possibly preceded by inelastic 
scattering in uranium. Reducing the energy of the neutrons to a region where the cross sections 
are more favorable can decrease the amount of uranium needed to reach criticality, and possibly 
allow the use of LEU fuel (Lee et al., 2015). At a nominal neutron energy of 0.0253 eV, the ratio 
of the cross section for fission in uranium-235 (583 barns) to capture in uranium-238 (2.68 
barns) is greater than 200, providing the possibility of a sustainable chain reaction. The fuel 
could be mixed with the moderator in a homogeneous system or be arranged separately, forming 
a heterogeneous system. 
 Lower enrichment usually incurs a mass penalty for any concept unless the design 
requires more fuel to meet noncriticality requirements (e.g., power density and burnup limits), 
and space power reactors usually have ample excess reactivity. These noncriticality limits rarely 
occur independently because other limits are often associated with high power and fuel burnup 
(e.g., burnup reactivity swing, thermal stresses, fission gas production, and material swelling and 
damage) (Poston, 2005). Therefore, a lower-enriched reactor generally will be more massive 
than a higher-enriched reactor (everything else being equal). In some cases, this does not 




some applications, such as a lower-power surface reactor, the mass penalty may not be excessive 
(Poston, 2005). 
The neutron economy of a reactor is improved substantially when the core is surrounded 
by a reflector or a blanket of material that has a high scattering cross section and low neutron 
absorption characteristics (Angelo and Buden, 1985). A neutron reflector around the core reduce 
the critical mass of the system and is necessary to provide a small size system and sufficient 
reactivity worth to meet the launch accident criticality safety requirements. Potential reflector 
materials include beryllium, beryllium oxide and graphite. Beryllium oxide is generally preferred 
as it is a denser, higher worth material per unit thickness than pure beryllium or graphite for 
space applications (Poston et al., 2013). 
Heat pipes transfer thermal energy through the evaporation and condensation of work 
fluid, with the condensed fluid returned to the evaporator region via capillary action through a 
wick (Reay and Kew, 2006). Heat pipes can provide heat transfer coefficients orders of 
magnitude higher than possible through conduction, with no moving parts. A heat pipe reactor 
eliminates the components that would be needed for a pumped loop, simplifying system 
integration. The simple reactor geometry in kilopower-class reactors allows the use of simple, 
straight cylindrical heat pipes; however, there is considerable experience with bent and non-
cylindrical heat pipes (Reay and Kew, 2006). At the low thermal power of some kilopower space 
reactors (5-15 kWt), the heat pipes do not need to be within the fuel (as the thermal resistance in 
the fuel is low) (Poston et al., 2013). This reduces the size and mass of the core, as interior heat 
pipes would displace fuel from the core and the heat pipe materials would be parasitic absorbers.  




accident, thus simplifying launch safety. In the shield, the radiation streaming paths offered by 
ex-core heat pipes will be less significant than for the paths resulting from in-core heat pipes. 
A radiation shield is a fundamental part of a SNR system, to protect the astronaut crew, 
payload, and or radiation-sensitive spacecraft equipment from exposure to the neutrons and 
gamma rays generated by the fission process. In space nuclear reactors, a shadow cone is usually 
created by the radiation shield. The frequently material choice for a radiation shield combines 
lithium hydride (LiH) clad in stainless steel as the neutron shield material and depleted uranium, 
tungsten or lead as the gamma shield material. 
The LiH is enriched in lithium-6 to reduce the gamma source from neutron capture in the 
stainless-steel and gamma-shielding material. The radiation shield usually contains penetrations 
for the heat transfer fluid, plus insulation to prevent shield heating and parasitic power loss 
(Poston et al., 2013).  
Normally, the criticality of a nuclear reactor is controlled using control rods or drums, in 
combination with chemical shims or burnable poisons. A control rod or drum contains neutron 
absorbing materials or neutron poisons. Moving the control rods changes the reactor’s reactivity 
to permit the raising or lowering of a reactor’s power level, or to compensate for long term 
reactivity changes in a reactor core, such as fuel burnup and fission product buildup (Angelo and 
Buden, 1985). Thus when a reactor becomes supercritical (multiplication factor (keff) bigger than 
one (keff > 1)), the control rod is inserted or the drums are rotated to maintain the multiplication 
factor of the reactor at unity (Terremoto, 2004). 
The absorber material in the control system is typically boron carbide (B4C), enriched in 




system in a subcritical state during the spacecraft launch and in the event of any accident (Poston 
et al., 2013).  Once the spacecraft has achieved a safe orbit, the control rod is removed to bring 
the reactor to a critical, power-producing, state. 
Space nuclear reactors are expected to support future robotic and manned missions. 
Innovative technological requirements are necessary for their control and protection 
instrumentation. Unlike terrestrial reactors, space reactors will be operated outside any known 
biosphere, meaning that operational accidents are a matter of reliability and not safety. A space 
reactor will be launched in a non-critical state and will contain almost no radioactive material 
until the reactor is brought to critical once it is in a safe trajectory (King, 2006). 
Ensuring that the reactor stays subcritical in the worst-case launch or reentry accident 
scenario is an overriding safety concern for space reactors. This requirement must be fulfilled 
while having sufficient excess reactivity at the beginning of mission to operate the nuclear 
reactor at full power for up to ten years without refueling. An additional challenge is to ensure 
that space reactors have enough shutdown margin during normal operation, preferably with some 
redundancy in the reactor control method. 
Therefore, long-duration surface missions necessitate reliable autonomous operation, and 
manned missions impose added requirements for failsafe reactor protection. There is a need for 
an advanced instrumentation and control system for space-nuclear reactors that addresses both 
aspects of autonomous operation and safety (Rosen and Schnyer, 1989). 
In the event of an accident, worst-case scenario would involve the reactor core fully 
intact falling into a body of water and becoming submerged in saltwater, where the voids in the 




submergence and flooding of the core will result in thermalizing the neutron spectrum. 
Subsequently, the spectrum shift may increase the reactivity of the core and potentially the 
reactor supercritical. Space nuclear power systems must remain subcritical in all possible launch 
abort and reentry accident scenarios (King, 2004).   
In addition, small reactor designs need to have adequate excess reactivity at the beginning 
of mission to sustain the loss of reactivity from the negative temperature reactivity when 
operating at full or partial power, with 10+ years of fission product accumulation and burnup. 
Since small reactor designs are without refueling and typically have a long operational life. 
The reactor control subsystem must be able to produce enough reactivity control over the 
reactor to be subcritical at launch and to have the desire amount of excess reactivity to operate 
through the end of the mission.  Therefore, balancing the operation and safety conditions of 
having reactivity for a longer duration without refueling, while remaining subcritical in a 
submersion incident and during launch maintaining reactivity control of the reactor is 
challenging in design (King, 2006). The next section will review some important historical facts 
about SNRs. 
2.2. History of Space Nuclear Reactors Power Systems 
 Active space nuclear power programs have existed intermittently from 1957 to the 
present. The standard practice in these programs has been to use Highly Enriched Uranium 
(HEU) fuel to power these systems. The United States and former Soviet Union used weapons-
grade HEU for each of the 36 SNRs shown in Table 2.1 (Buden, 2011b). This subsection 
presents a brief overview of past space nuclear programs from the United States of America and 





2.2.1. The United States of America Space Nuclear Power Programs. 
The first space nuclear power reactor program in the United States of America started in 
1955 to produce a 3 to 5 kWe power system using a uranium-zirconium-hydride fuel and a 
mercury-Rankine power conversion system. This system designated SNAP-2, was part of the 
Systems for Nuclear Auxiliary Power (SNAP) program. Two reactors (the SNAP-2 Experimental 
Reactor (SER) and the SNAP-2 Developmental Reactor (S2DR)) were ground tested under the 
SNAP-2 program. The SER achieved criticality in September 1959 and operated until December 
1961. Testing included 1,800 hours at 920 K and 5,300 hours at temperatures greater than 750 K 
(Buden, 2011). During April 1961 and December 1962, the S2DR was tested with 2,800 hours 
above 920 K and 7,700 hours above 750 K. The SNAP-2 program ended in 1967 (Buden, 2011). 
The SNAP-10A program, initiated in 1958, used a modified SNAP-2 reactor with a 
thermoelectric power conversion subsystem. It resulted in the SNAPSHOT launch of the first 
reactor power system into space on April 3, 1965. The reactor was launched on a modified 
Agena B modified with Atlas booster vehicle. The SNAP-10A was subcritical until launch 
startup and would have been, subcritical during re-entry, water/sand immersion, and ground 
accidents (Schmidt, 2011). SNAPSHOT achieved a nominal orbit of 705/695 nautical miles with 
a orbital lifetime of over 3,500 years. 
Figure 2.4 shows a SNAP-10A non-nuclear system (FSEM-3 Elect Compat Test Agena 
model) flight system used for launch contractor compatibility ground testing. The operating 
power level of SNAP-10A was between 530-660 watts (Buden, 2011). The reactor remained 




signal, unrelated to the reactor system, forced the reactor to shut down. The satellite was 
subsequently retired by being boosted into high orbit where it remains today (Potter, 2008). The 
SNAP-10A was the only Space Nuclear Fission Reactor launched into the space by the United 
States of America. However, the goal of SNAP-10A was achieved, proving for the first time that 
nuclear reactor power systems could be safely launched and operated. 
Figure 2.5. presents a SNAP 10A system schematic. In the National Aeronautics and 
Space Administration (NASA), the Department of Energy (DoE), and the Department of Defense 
(DoD) entered into an agreement to form a joint space nuclear reactor power program called SP-
100. The goals of this program were to develop long-lived, compact, lightweight, survivable 
nuclear reactor space power systems technologies for application to the power range of 50 kWe 
to 1 MWe (Sovie, 1987). The SP-100 power system progressed from a concept through a generic 
flight system, to development and testing of components, until the program was discontinued in 
1993. 
Figure 2.6 shows the SP-100 system layout and some system parameters. The SP-100 
heat source core was a solid core, and a thermoelectric power conversion system converted the 
heat to electricity (Angelo and Buden, 1985). The mode of heat transport varied throughout the 
program, and included heat pipe thermal transport, liquid lithium coolant with electromagnetic 
pumps, and others (Deane et al., 1992; Angelo and Buden, 1985). Using heat pipes for thermal 
transport added redundancy and eliminates single point failures (if one heat pipe failed, the 
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Fig 2.4. SNAP 10A FSEM-3 (Schmidt, 2011). 
The SP-100 radiation shield design was based on the SNAP radiation shield, which used lithium 
hydride to attenuate neutron radiation and tungsten to attenuate gamma radiation (Deane et al., 
1992). The SP-100 reactor had many proposed reactivity control schemes, including petals, 
shutters and drums (Deane et al., 1992). The core featured three safety rods made of boron 
carbide to keep the reactor subcritical during a launch accident or reentry (Deane et al.,1992). 






Fig 2.5. SNAP 10A system schematic (Schmidt, 2011). 
The Jupiter Icy Moon Orbiter (JIMO) project, later renamed Prometheus, in 2003 with a 
goal of developing the first nuclear reactor-powered electrical propulsion system, to power a 
electricly propelled spaceship for long-duration civilian deep-space exploration missions (Taylor, 
2005). Figure 2.7 shows a representation of the Prometheus reactor concept. The Deep Space 
Vehicle (DSV) was defined to include a Payload Accomodation Envelope (PAE) with a mass 
capability for science instruments and supporting resources of not less than 1500 kg. The DSV 
technologies were to be extensible to Lunar and Mars surface power and cargo transport 
missions (Taylor, 2005). The program was being too complex and expensive to fit NASA’s 
budget and was cancelled in October 2005. The total estimated mission costs for JIMO, 
excluding the launch system, was $16B, of which an estimated $4.2B was required for the power 






Figure 2.6. The SP-100 system layout (Kulcinski, 2004). 
Figure 2.8. shows the main United States space fission power systems and their design 
power levels by year. While higher power missions were anticipated, they did not materialize, in 
part due to the high costs associated with the missions. Rather, for missions for which solar 
power was not an option, highly reliable and predictable Radioisotope Power Sources (RPS) 





Fig. 2.7. Prometheus reactor module (adapted from Taylor, 2005). 
 
 




designed missions around the available power that RPSs could offer (Voss et al., 2018). 
2.2.2. Former Soviet Union Space Nuclear Power Programs 
The former Soviet Union had a very active space nuclear power program starting around 
1959. Beginning in 1967, the former Soviet Union orbited approximately 33 thermoelectric 
reactor power systems as the power source for the RORSAT satellites. The last one launched on 
March 14, 1988. Power levels ranged from several hundred watts a few kilowatts. Limited 
information is available on the details of the RORSAT power system. The American space 
nuclear community believes that the RORSAT power systems were fast reactors using SiGe 
thermoelectric conversion system (Buden, 2011). 
The reactor powered RORSAT satellites experienced three known malfunctions or 
accidents. The most serious, Cosmos 954, reentered the Earth’s atmosphere over Canada on 
January 24, 1978. The reactor burned up on reentry, as designed. This was the same safety 
philosophy used by the U.S. during the 1960’s and 1970’s, namely, burnup and dispersion to 
reduce doses and to eliminate the possibility of re-criticality in the event of a reentry accident. 
Following the Cosmos 954 accident, the RORSAT program added a satellite re-boost capability 
to increase safety. On February 7, 1983, Cosmos 1402 failed to re-boost, and burned up in the 
upper atmosphere after the core was ejected from the spacecraft. On September 30, 1988, 
Cosmos 1900 boosted to a lower then planned disposal orbit; however, the orbit lifetime of the 
spacecraft is about 500 years, with almost no radiological risk at the expected time of re-entry 
into the Earth’s atmosphere (Messer, 2013). Table 2.2 presents the 35 known launched into space 
by the former Soviet Union between 1969 and 1988 (Buden, 2011). In 1987-1988, the former 




Table 2.2 Soviet orbital reactor program history. 
Number Name Launch date Termination date Lifetime 
1 Cosmos 198 27-Dec-67 28-Dec-67 1 day 
2 Cosmos 209 22-Mar-68 23-Mar-68 1 day 
3 Cosmos 367 3-Oct-70 3-Oct-70 < 3 h 
4 Cosmos 402 1-Apr-71 1-Apr-71 < 3 h 
5 Cosmos 469 25-Dec-71 3-Jan-72 9 days 
6 Cosmos 516 21-Aug-72 22-Sep-72 32 days 
7 Cosmos 626 27-Dec-73 9-Feb-74 45 days 
8 Cosmos 651 15-May-74 25-Jul-74 71 days 
9 Cosmos 654 17-May-74 30-Jul-74 74 days 
10 Cosmos 723 2-Apr-75 15-May-75 43 days 
11 Cosmos 724 7-Apr-75 11-Jun-75 65 days 
12 Cosmos 785 12-Dec-75 12-Dec-75 < 3 h 
13 Cosmos 860 17-Oct-76 10-Nov-76 24 days 
14 Cosmos 861 21-Oct-76 20-Dec-76 60 days 
15 Cosmos 952 16-Sep-77 7-Oct-77 21 days 
16 Cosmos 954 18-Sep-77 ~31 Oct 77 ~43 days 
17 Cosmos 1176 29-Apr-80 10-Sep-80 134 days 
18 Cosmos 1249 5-Mar-81 18-Jun-81 105 days 
19 Cosmos 1266 21-Apr-81 28-Apr-81 8 days 
20 Cosmos 1299 24-Aug-81 5-Sep-81 12 days 
21 Cosmos 1365 14-May-82 26-Sep-82 135 days 
22 Cosmos 1372 1-Jun-82 10-Aug-82 70 days 
23 Cosmos 1402 30-Aug-82 28-Dec-82 120 days 
24 Cosmos 1412 2-Oct-82 10-Nov-82 39 days 
25 Cosmos 1579 29-Jun-84 26-Sep-84 90 days 
26 Cosmos 1607 31-Oct-84 1-Feb-85 93 days 
27 Cosmos 1670 1-Aug-85 22-Oct-85 83 days 
28 Cosmos 1677 23-Aug-85 23-Oct-85 60 days 
29 Cosmos 1736 21-Mar-86 21-Jun-86 92 days 
30 Cosmos 1771 20-Aug-86 15-Oct-86 56 days 
31 Cosmos 1818 1-Feb-87 ~jul 87 ~6 months 
32 Cosmos 1860 18-Jun-87 28-Jul-87 40 days 
33 Cosmos 1867 10-Jul-87 ~jul 88 ~1 year 
34 Cosmos 1900 12-Dec-87 ~14 apr 87 ~124 days 
35 Cosmos 1932 14-Mar-88 19-May-88 66 days 





Two space tests were performed, with one operating six months (Cosmos 1818) and the other 
operating 346 days (Cosmos 1867). 
In the United States of America, these power plants were designated as TOPAZ I and II 
(Fig. 2.9), which is an acronym in Russian for Thermionic Experiment with Conversion in 
Active Zone. The TOPAZ I design output was 10kWe. The flight-tested units used a multi-cell 
thermionic fuel element with an output power of approximately 5 kWe. TOPAZ I used a 
molybdenum emitter on the first flight and used a tungsten emitter on the second flight. The 
power system with the tungsten emitter operated for the longer period of time; while degradation 
of performance occurred, thermal power increase compensated for this degradation. Space 
Nuclear Reactor Systems Policy Issues will be discussed in the next section. 
 
 




2.3. Space Nuclear Reactor Systems Policy Issues 
Space Nuclear Reactors (SNRs) have been developed and used in space applications 
where unique mission requirements and constraints on electrical power and thermal management 
precluded the use of non-nuclear power sources. Such missions have included interplanetary 
missions to the outer limits of the Solar System, for which solar panels were not suitable as a 
source of electrical power because of the long duration of these missions at great distances from 
the Sun (IAEA, 2009). 
Past, present and foreseeable SNR applications include radioisotope power systems (for 
example, radioisotope thermoelectric generators and radioisotope heater units) and nuclear 
reactor systems for power and propulsion. The presence of radioactive materials or nuclear fuels 
in SNR and their consequent potential for harm to people and the environment in Earth’s 
biosphere due to an accident require that safety should always be an inherent part of the design 
and application of SNR (IAEA, 2009). 
SNR applications in outer space have unique safety considerations compared with 
terrestrial applications. Unlike many terrestrial nuclear applications, space applications tend to be 
used infrequently and their requirements can vary significantly depending upon the specific 
mission. Mission launch and outer space operational requirements impose size, mass and other 
space environment limitations not present for many terrestrial nuclear facilities. For some 
applications, SNR must operate autonomously at great distances from Earth in harsh 
environments. Potential accident conditions resulting from launch failures and inadvertent re-
entry could expose SNR to extreme physical conditions, such as the mechanical stresses do not 
exceed its maximum strength, fuel temperatures should remain less than 1000°C under accident 




SNR are significantly different from those for terrestrial nuclear systems and are not addressed in 
safety guidance for terrestrial nuclear applications. 
After a period of initial discussion and preparation, the United Nations Scientific and 
Technical Subcommittee of the Committee on the Peaceful Uses of Outer Space and the 
International Atomic Energy Agency (IAEA) agreed in 2007 to jointly draft a safety framework 
for Nuclear Power Source (NPS) applications in outer space. This partnership integrated the 
expertise of the Scientific and Technical Subcommittee in the use of SNR with the well-
established procedures of IAEA for developing safety standards pertaining to the nuclear safety 
of terrestrial applications. The Safety Framework for Nuclear Power Source Applications in 
Outer Space represents a technical consensus of both bodies (IAEA, 2009). 
The prospect of launching nuclear reactors into space faced some opposition. The specter 
of the 1986 Challenger disaster was still a relatively recent memory, and the idea that a rocket 
could explode with a nuclear reactor on board left the public uneasy (Schaerf and Longo, 1992). 
Although there have been no catastrophic disasters involving nuclear reactors in space, not only 
were there concerns about nuclear catastrophe, but there is strong opposition to launching 
nuclear reactors into space from some within the scientific community itself. Some astronomers 
contend that placing too many nuclear satellites in low orbit around the Earth would lead to 
"radiation pollution" that would render their gamma ray telescopes useless (Simpson, 1994). 
Due to the risks involved in a failure during the launch of a nuclear system into the space, 
there is an effort to find policy solutions to phase out the use of highly enriched uranium (HEU) 
in space nuclear fission systems. Since 1988, no SNR projects have been launched. However, the 
Kilopower Reactor Using Stirling Technology (KRUSTY) project, the United States of America 




have an important opportunity to establish SNR policy that aligns with the emerging norm of 
phasing out non-weapons HEU. Policy changes will become much more costly, politically and 
financially, once governments start seriously considering HEU-fueled SNR projects again. 
SNRs are not the highest priority for the HEU phase-out mission, but the use of weapons-
usable uranium in SNRs can be relied on to safely launch, operate, and retire in outer space, the 
substantive policy issue is that HEU phase-out must be nondiscriminatory in order to be 
successful (Messer, 2013). States without nuclear weapons, for example Brazil, whom has 
specified in its own constitution (1988), the stricted use of nuclear energy for peaceful purposes, 
will have stronger diplomatic grounds to resist global nonproliferation norms if the states with 
nuclear weapons fail to enforce these norms concretely and by example. Seemingly benign 
exceptions could compromise the global phase-out of HEU. In short, security policies that are 
not adopted by the permanent members of United Nations Security Council, will probably be 
difficult to push internationally. 
Unfortunately, there are also particular interests and domestic political barriers to 
eliminating HEU from use in space nuclear reactors (Von Hippel, 2007). SNRs present the most 
sophisticated technical challenge to a global HEU phase-out because HEU’s high energy density 
make it a uniquely attractive fuel for space power and propulsion. Further, the tenuous nature of 
governmental commitments to space exploration and research encourages resistance to policy 
mandates that increase the funding or time required to bring projects to completion. Reevaluating 
the use of HEU could thus make a project vulnerable to discretionary budget cuts, making the 
policy solutions that phase out HEU from use in SNRs an expensive process and therefore 
creating resistance from government researchers and scientists that are working in this area 




launched – 35 by the former Soviet Union and one by the United States – have used weapons-
grade HEU fuel of 90 percent enrichment or higher (see Table 2.2). 
The most important argument against the option for LEU in SNRs is that LEU fuel 
tipically requires more mass to produce the same energy as HEU fuel, and consequently 
increases the cost to launch the system into space. In general, lower enrichment incurs a 
substantial mass penalty in space reactors. However, the option for a heavier solar power system 
over radioisotope or fission power systems shows the importance of minimizing the risks to the 
launch and the benefits of a simplified launch approval process (Voss et. al., 2018). Conversion 
from HEU to LEU fuel could increase costs for space reactor missions significantly more than 
for other nuclear reactor applications as a result of the premium on minimizing weight in space 
missions; however, there are no current analyses that show that adopting LEU would be 
prohibitively expensive for SNR projects. 
In 1992, the United Nations General Assembly passed the “Principles Relevant to the Use 
of Nuclear Power Sources in Outer Space”, a resolution that makes stipulations for “nuclear 
power sources in outer space devoted to the generation of eletric power on board space objects 
for non-propulsive purposes”; and, which excludes most space nuclear reactor missions 
envisioned for civilian applications. It stipulates that “nuclear reactors shall use only highly 
enriched uranium 235 as fuel” (UN, 1992). Though nonbinding, this resolution seems in practice 
to be taken seriously by spacecraft engineers considering alternative fuels.  
The United Nations members, represented by the Office for Outer Space Affairs, do not 
consider the use of LEU in SNRs to violate the UN resolution on the “Principles on the Use of 
Nuclear Power Sources in Outer Space.” Originally, the UN resolution for the use HEU fuel was 




that a space nuclear power system couldn’t be fueled by LEU; however, the resolution was not 
intended to preclude the use of LEU or other potential fuels, that, in 1992, had not yet been 
envisioned for SNR applications. A DOE study assessed the weight penalty for LEU conversion 
(Von Hippel, 2007), that didn’t take in account important details to be considered during a 
design project of a SNR (Messer, 2013).  
On one hand, the DoE study kept constant the reactor’s core height, while increasing the 
diameter of the cross-section by 75% to account for the higher volume of LEU, thus increasing 
the weight compared to a design project which maintain constant the H/D ratio. On the other 
hand, a H/D ratio larger than unity in a SNR project is preferable, as it is possible to minimize 
the total system mass by reducing the amount of material used for shielding the reactor core 
(Poston, 2005).  
Space NPS applications may introduce risk to people and the environment. For this 
reason, governments and relevant international intergovernmental organizations that authorize, 
approve or conduct space NPS missions should ensure that the rationale for each space NPS 
application considers alternatives and is appropriately justified. The process should consider 
benefits and risks to people and the environment related to relevant launch, operation and end-of-
service phases of the space NPS application. 
2.4. Space Nuclear Fission Systems Programs Around the World. 
Over the past three decades, some countries have established successful space programs. 
Australia, Austria, Brazil, Canada, China (including Taiwan, China), Denmark, France, 
Germany, India, Italy, Japan, Netherlands, Norway, Spain, Sweden, Turkey, Ukraine and the 




countries and groups are maintaining a watching brief while others are participating in the United 
States of America and Russian programmes, sometimes as part of European ESA. Others are 
individually conducting or participating in the burgeoning commercial business of launching of 
communication and surveillance satellites. Most, if not all, of the cooperative programmes 
launch telecommunication and meteorological satellites into earth orbit and use solar arrays to 
power the communications once the satellite is in a stable orbit. There is no need for the types of 
power system needed for extremely long mission times or for missions close to the sun (needing 
cooling) or far from it (needing heating) (IAEA, 2005). Thus, nuclear reactors have not been 
launched during the last years and the use of RTGs is minimal, mostly due to a reduced stock of 
plutonium-238. 
Nuclear reactors are now envisioned by most of countries as a future power source on the 
surface of other planets, moons, or asteroids. Early academic work has explored the use of LEU 
to fuel a space reactor (Nishiyama et. al., 2009). A paper written by researches at Japan’s Kyushu 
University, outlines an LEU-fueled SNR design for an interstellar explorer (Nishiyama et. al., 
2009). The reactor discussed in this paper would provide 100 kWth for 7 years and weigh less 
than 500 kg. 
Nuclear reactors technology has also been studied for rocket propulsion purposes. 
Nuclear Thermal Rockets (NTRs) have been researched and developed mainly in two countries 
until recently: the United States of America (U.S.A.) and the Russia/former Soviet Union. The 
representative NTR development effort in the U.S.A. was conducted from 1955 to 1974 under 
the vehicle for exploring the surface of a planet or moon (ROVER) and the Nuclear Engine for 
Rocket Vehicle Applications (NERVA) programs. These programs successfully designed and 




on NERVA-derived NTR engines has continued as the main-stream design, based on the mature 
technology, until today. These state-of-the-art NTR designs mostly employ a fast or epithermal 
neutron spectrum core, using a HEU fuel to make a high power reactor with a minimum size and 
simple geometry. However, the use of HEU fuels for NTRs can restrict not only research 
activities but also their practical uses because of nuclear nonproliferation constraints. 
Consequently, all the research and the employment of a HEU-NTR will be strictly controlled by 
national governments and require additional security costs to protect the weapon grade HEU. 
This in turn creates significant difficulties for purely civilian involvement in NTR technology 
and prevents NTRs from becoming an economically self-sustaining technology (Venneri and 
Kim, 2015). In addition, all non-nuclear weapon states should be excluded from participating in 
major research efforts for NTR reactors. Therefore, the world-wide commercialization of HEU-
NTRs will pose many significant challenges to nuclear proliferation in the future.  
2.4.1 Current United States of America Programs. 
National Aeronautics and Space Administration (NASA) has used nuclear power sources 
in the form of radioisotope thermal generators (RTGs) for many successful scientific and 
exploration missions since the 1960s. RTGs are proven, highly reliable power sources that are 
indispensable to NASA's long-duration, deep-space missions. RTGs successfully powered the 
Viking missions to Mars, the Apollo Lunar Surface Experiment Packages (ALSEPs), and 
continue to provide power to the Voyager and Pioneer spacecraft as they head toward the outer 
reaches of the solar system some 10 and 16 years after launch (Rosen and Schnyer, 1989). 
However, space nuclear fission systems are necessary in missions for which RTGs and other 
contemporary power sources will be inadequate and which will require high-power nuclear 




view of U.S. space ventures in the 21st Century and provided the basis for the National Space 
Policy of 1988, which established the long-range civil space goals for the United States. 
Nowadays, there is a discussion within NASA, the Congress and industry regarding the future 
direction and focus of the United States of America space program. While NASA’s sights are set 
on Mars (NASA, 2015), the Moon is an entire world awaiting exploration, future settlement and 
potential commercialization. Europe, China and Russia are discussing human surface missions 
and settlements on the Moon in the 2025-2030 timeframe (Borowski et al., 2017). 
The program named Kilopower Reactor Using Stirling Technology, is a NASA and 
National Nuclear Security Administration (NNSA) project to develop the technologies and 
concepts for space power in the 1 kWe-10kWe range (Poston, 2016). A small fission power 
system for NASA’s science and human exploration is an endeavor worth taking with potential to 
open up a new class of missions not currently achievable with radioisotope and solar power 
sources. The KRUSTY program has to intend starting with the four kilowatt thermal power, as a 
first nuclear demonstration, because the costs of a nuclear test are directly proportional to the 
reactor thermal power, so the lower power demonstration provides a subscale test of a ten (10) 
kilowatts electrical power capability, helping filling the gap of compact power systems in the 1 
to 10 kWe range allowing new higher power for United States of America, through NASA’s 
exploration missions (NASA, 2015). The basic design approach is derived from a 2010 Small 
Fission Power System Feasibility Study performed by a joint NASA/Department of Energy 
(DOE) team in response to a request from the National Research Council (NRC) Planetary 
Science Decadal Survey (2011). After reviewing options, the team selected a reference concept 
and evaluated the feasibility for a 10-year flight system development to support future space 




fuel. The reference concept defined in the 2010 study is similar to the current Kilopower 
concept, sharing the cast UMo fuel form, BeO reflector, and Na heat pipes (Mason et al., 2011). 
The expected cost for a Kilopower system should be significantly less than for an RPS, 
because the nuclear material is available, the fuel requires minimal special handling or 
reprocessing, there is manufacturing capability at existing facilities, and the system design is 
very simple (Voss et al., 2018). However, this estimate does not consider the costs related to the 
safety and security measures involving a weapons grade material. 
However, the use of Highly Enriched Uranium as fuel makes KRUSTY project only 
feasible for weapon state governments, which pursue a well-established military applications 
program. The political and economic restrictions around a weapons grade material inside the 
core of the HEU space nuclear reactor make this project unrealistic for commercial purposes and 
for the signatory countries of the Non-Proliferation Threatment (NPT)  (Poston and McClure, 
2017). 
Meanwhile, The Center for Space Nuclear Research in Idaho Falls, ID, USA, developed a 
Space Propulsion Optimization Code, for LEU Nuclear Thermal Rocket studies, a significant 
effort in terms of how to avoid the use of weapons grade material in the space environmental, 
which means a significant optimization opportunity in the LEU Nuclear Thermal Rocket area for 
commercial purposes (Husemeyer et al., 2015) and a realistic technology option for signatory 
countries of the Non-Proliferation Treaty, which ratified the decision to not employ Highly 
Enriched Uranium in future nuclear systems, as Japan (Nishiyama et al.,2009) and South Korea 





2.4.2 Current South Korea Programs. 
South Korea developed an ambitious nuclear space program, considering the use of 
nuclear energy as propulsion in nuclear thermal rockets, as well as nuclear fission power systems 
to generate electricity. The NTR technology has already been investigated and tested by the 
United States of America and Russia and the former Soviet Union. The representative Nuclear 
Engine for Rocket Vehicle Applications (NERVA) type reactors traditionally used HEU fuels, 
shaped in hexagonal fuel element geometries because of the importance of making a high power 
reactor with a minimum size. To overcome the security issues resulting from HEU, the Korea 
Advanced NUclear Thermal Engine Rocket using a Low-Enriched Uranium fuel (KANUTER-
LEU), a nonproliferative, small-size NTR engine with low thrust levels (9.2 klbf ~ 11.9 klbf) is 
being designed for future generations. Its design goals are to make use of an LEU fuel for its 
fairly compact core, but to minimize the rocket performance sacrifice relative to the traditional 
HEU-NTRs. To achieve these goals, a new space propulsion reactor is conceptually designed 
with the key concepts of a high uranium density fuel with resistance against high heating and 
hydrogen corrosion, a thermal neutron spectrum core, and a compact and integrated fuel element 
core design with protective cooling capability. In addition, a preliminary design study of 
neutronics and thermal-hydraulics was performed to explore the design space of the new LEU-
NTR reactor concept. The result indicates that the innovative reactor concept has great potential, 
both to implement the use of an LEU fuel and to create comparable rocket performance, 
compared to the existing HEU-NTR designs. 
In 2015, a study performed by the Korea Atomic Energy Research Institute (KAERI), 
discussed about the feasibility on a small nuclear reactor with a thermal power of 5 kWth, as a 




2.4.3 Current Brazilian Program. 
 During the last decade, The Advanced Studies Institute (Instituto de Estudos Avançados 
– IEAv) from Brazilian Air Force (FAB), through its Nuclear Energy Division, has had the goal 
to foster the development of special technologies that will allow the application of nuclear 
energy to the next generation of Brazilian space devices. The TERRA Project (a portuguese 
acronym for Advanced Reactor Technology) (Guimarães et al., 2017) is considered a strategic 
program by the Brazilian Air Force (FAB) because it is essential to the need for aeronautical 
power to become, as soon as possible, an aerospace power. According to the pacifist tradition of 
Brazil, and in agreement with the signed at the time of the non-proliferation treaty, the Brazilian 
Air Force in cooperation with Colorado School of Mines, performed fundamental research into 
the concept of a low enriched uranium fueled kilowatt space nuclear reactor. A system with these 
characteristics could be employed by all signatory countries of the NPT, and also by private 
companies or comercial purposes without the concerns and risks, in terms of safety and security, 
that involve the use of highly enriched uranium in space systems.  
2.4.4 Current European Program. 
 The European space nuclear program focuses on the development of radioisotope 
thermoelectric generators and radioisotope heater units systems, as part of a European Space 
Agency program (Ambrosi et al., 2018). Currently, there is minimal European interest related to 
Nuclear Fission Reactors for space purposes. 
2.4.5 Current Russian Program. 
 Despite having had a successful space nuclear power program, with more than 30 




powered systems to be launched by Russia in the near future. According to the World Nuclear 
Association, the Space Research Institute (IKI) of the Russian Academy of Sciences and 
the Bauman Moscow State Technical University are developing three types of lunar rovers, one 
of them a heavy, ‘nuclear-powered’ lunar rover (WNA, 2018). This will weigh 550-750 kg and is 
designed to study the polar regions of the Moon. In addition to solar panels and batteries, a 
nuclear power source is to be installed on the rover to enable it operates for up to 400 kilometres, 
including in the shade. It will carry up to 70 kg of scientific equipment, including special drills to 
extract soil samples from a depth of up 1.5 meters. The rover will also be equipped with 16 small 
stations to study the regolith and seismic activity of the Moon. Chapter 3 will discuss the first 
part of this research, showing the results obtained during the study of fuel geometries options for 
moderated LEU-fueled kilopower SNRs. 
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FUEL GEOMETRY OPTIONS FOR A MODERATED LOW-ENRICHED URANIUM 
KILOWATT-CLASS SPACE NUCLEAR REACTOR 
Modified from a paper published by Nuclear Engineering and Design, Vol. 340. 




A LEU-fueled space reactor would avoid the security concerns inherent with Highly 
Enriched Uranium (HEU) fuel and could be attractive to signatory countries of the Non-
Proliferation Treaty (NPT) or commercial interests. The HEU-fueled Kilowatt Reactor Using 
Stirling TechnologY (KRUSTY) serves as a basis for a similar reactor fueled with LEU fuel. 
Based on MCNP6 neutronics performance estimates, the size of a 5 kWe reactor fueled with 
19.75 wt% enriched uranium-10 wt% molybdenum alloy fuel is adjusted to match the excess 
reactivity of KRUSTY. Then, zirconium hydride moderator is added to the core in four different 
configurations (a homogeneous fuel/moderator mixture and spherical, disc, and helical fuel 
geometries) to reduce the mass of uranium required to produce the same excess reactivity, 
decreasing the size of the reactor. The lowest mass reactor with a given moderator represents a 
balance between the reflector thickness and core diameter needed to maintain the multiplication 
factor equal to 1.035, with a H/D ratio of 1.81. All three heterogeneous geometries yield a 
minimum mass reactor using a moderator/fuel ratio of 80 wt%. The lifetime is directly 
proportional to the initial amount of fissile material in the core in all the cases. Based on the 
small differences in estimated masses, but large difference in estimated lifetimes between the 60 
wt% and 80 wt% moderated reactors, the 60 wt% moderated systems with disc or helical fuel 






Space nuclear power systems convert the thermal energy released by radioactive decay or 
nuclear fission to electricity to be used by a spacecraft or other space-based equipment. Some 
advantages of nuclear energy systems for space applications include: compact size, long 
operating lifetimes, and operation independent of the distance from the sun or of the orientation 
to the sun (Buden, 2011). A Low Enriched Uranium (LEU) fueled space reactor appears to be a 
realistic option for signatory countries of the Non-Proliferation Treaty (NPT), which ratified the 
decision to not employ Highly Enriched Uranium (HEU) in future nuclear systems (IAEA, 
2002). LEU-fueled reactors could also be of interest to commercial space exploration companies. 
Kilopower Space Nuclear power systems are interesting because they can fill a gap in available 
electrical power systems between 1 kWe to 10 kWe with operational times in excess of two 
decades. A small nuclear fission heat source may be an attractive alternative to radioisotope heat 
sources due to the limited supply of plutonium-238 (the most common RTG fuel) and the 
inherent security concerns related to plutonium. This work presents a preliminary study of 
moderator configuration options for a LEU-fueled kilowatt-class space nuclear reactor 
considering four different geometrical combinations of metallic fuel (U-10Mo) and moderator 
(ZrH1.5) in the core. The study considers potential moderator configurations in terms of the core 
diameter required to provide a cold, clean multiplication factor (keff) of 1.035. This comparison 
illustrates the impact of moderator configuration on the size and performance of a LEU-fueled 







The LEU-fueled space nuclear reactor considered in this paper is based on the Kilowatt 
Reactor Using Stirling TechnologY (KRUSTY) reactor designed by the Los Alamos National 
Laboratory (Poston et al., 2013). Figure 3.1 provides axial and radial cross section views of the 
KRUSTY reactor geometry. The HEU-fueled KRUSTY reactor consists of six important 
subsystems - the solid block of uranium-10 wt% molybdenum alloy (U-10Mo) fuel, the 
beryllium oxide (BeO) reflector, the sodium working fluid heat pipes, the radiation shadow 
shield, the boron carbide (B4C) safety rod, and the advanced Stirling convertor engine power 
subsystem (Chan et al., 2007). The shadow shield consists of lithium hydride (canned in stainless 
steel) as the neutron shield material and depleted uranium as the gamma shield material. 
The KRUSTY core is cast as a single cylinder of U-10Mo with a height-to-diameter 
(H/D) ratio of 1.81.  The U-10Mo alloy provides higher strength and more swelling resistance 
than pure uranium (Poston et al., 2013). Although not neutronically optimal, a cylinder with a 
H/D ratio >1 is generally preferred in space applications because it reduces shield size, shortens 
heat conductions paths, and adds more heat transfer area from the fuel to the coolant. A greater 
core H/D ratio also provides more axial separation/shielding from the high-flux regions of the 
reactor. A control rod has maximum neutronic worth when in the center of a long H/D ratio core, 
and a control mechanism aligned with the system/launch axis is generally easier to integrate. 
Criticality safety is also simpler with a very high worth radial reflector (which is facilitated by a 
high H/D ratio). The core can thus be highly subcritical during forming, handling, and transport 
operations, and is more easily designed to remain subcritical in all potential launch accident 





A neutron reflector is necessary to maintain a small size system and provide sufficient 
reactivity worth to meet the launch accident criticality safety requirements. Potential reflector 
materials include beryllium, beryllium oxide and graphite. In space applications, beryllium oxide 
is generally preferred as it is a denser, higher worth material per unit thickness than pure 
beryllium or graphite (Poston et al., 2013). 
Heat pipes transfer thermal energy through the evaporation and condensation of a 
working fluid, with the condensed fluid returned to the evaporator region via capillary action 
through a wick (Reay and Kew, 2006).  Heat pipes can provide heat transfer coefficients orders 
of magnitude higher than possible through conduction, with no moving parts. A heat pipe reactor 
eliminates the components that would be needed for a pumped loop, simplifying system 
integration. The simple reactor geometry in kilopower-class reactors allows the use of simple, 
straight cylindrical heat pipes; however, there is considerable experience with bent and non-
cylindrical heat pipes (Reay and Kew, 2006).  Figure 3.1 shows the location of the eight heat 




pipes located at the core periphery in the KRUSTY reactor. At the low thermal power of the 
KRUSTY reactor (4 kWt), the heat pipes do not need to be within the fuel, as the thermal 
resistance in the fuel is low (Poston et al., 2013). This reduces the size and mass of the core, 
since interior heat pipes would displace fuel from the core and the heat pipe materials would be 
parasitic neutron absorbers.  The lack of internal heat pipe voids also minimizes the potential 
impact of flooding during an accident, thus simplifying launch safety. Additionally, the radiation 
streaming paths through the shadow shield offered by ex-core heat pipes will be less significant 
than the streaming paths resulting from in-core heat pipes. 
The radiation shadow shield uses lithium hydride (LiH) clad in stainless steel as the 
neutron shield material and depleted uranium (DU) as the gamma shield material. The LiH is 
enriched in lithium-6 to reduce the gamma source from neutron capture in the stainless-steel and 
DU. The reference shield uses three layers of LiH and DU, with each layer of LiH being placed 
in a stainless-steel can (Poston et al., 2013). The shield contains full penetrations for the heat 
pipes, plus a gap for multi-foil insulation to prevent shield heating and parasitic power loss 
(Poston et al., 2013). 
Figure 3.1 also shows the location of the safety rod system, which consists of a 4.4 cm 
boron carbide (B4C) control rod that inserts into a hole along the axial core centerline.  Prior to 
launch, the safety rod is fully inserted into the reactor core and maintains the system in a 
subcritical state during the spacecraft launch and in the event of any launch accident (Poston et 
al., 2013).  Once the spacecraft has achieved a safe orbit, the safety rod is removed to bring the 
reactor to a critical, power-producing, state. The negative temperature reactivity coefficient 
resulting from the uranium alloy controls the reactivity of the reactor, maintaining the reactor in 




Stirling engines use a reciprocating piston driven by thermal power to produce electric 
power from a linear alternator (Buden, 2011). Stirling engine power converters scale well at low 
powers and can yield power conversion efficiencies significantly greater than is possible with the 
thermoelectric converters used in previous efforts (Poston et al., 2013; Buden, 2011). High-
efficiency free-piston Stirling convertors have been baselined for the initial designs to increase 
system performance and provide high specific power. Their use benefits from existing flight 
development of the Sunpower, Inc., 80-We Advanced Stirling Convertor as well as recent 
successful technology demonstrations of both 1- and 6-kWe convertors developed by Sunpower 
Inc. (with thermal conversion efficiency up to 40%), for NASA under the current Nuclear 
Systems Program. The Stirling engine heat acceptor is conductively coupled to the sodium heat 
pipe condenser and uses the thermal energy from the reactor to thermodynamically drive the 
power piston and linear alternator (Gibson et. al, 2015). 
The LEU-fueled space nuclear reactor will consist of these same subsystems, modified to 
use Low-Enriched Uranium. The LEU-fueled kilowatt-class space nuclear reactors developed in 
this paper all have the same basic geometry model, shown in Figure 3.2. The LEU-fueled models 
described in this paper provide the option for moderated systems with a thermal fission spectrum 






Figure 3.2. Axial and radial cross sections of the LEU-fueled reactor. 
 
3.3. Model Description 
This work presents a comparison of moderator options for an LEU-fueled alternative to 
KRUSTY, based on results obtained from Monte Carlo N Particle version 6 (MCNP6) 
(Pelowitz, 2013) models. The reactor cores are compared in terms of the minimum core diameter 
required to provide a cold clean multiplication factor (keff ) of 1.035. For simplicity, the models 
omit the heat pipes, the taper of the reflector, and the cladding between the fuel and the 
moderator. The computational models in this work consider four cases, a homogeneous mixture 
of fuel and moderator and three heterogeneous fuel and moderator combinations. 
In the homogeneously moderated core (Figure 3.2), the core consists of a uniform and 
isotropic mixture of fuel (U-10Mo) and moderator (ZrH1.5). In the heterogeneously moderated 
cores, the first geometry (Figure 3.3) consists of spheres of fuel, arranged in a cubic lattice 
surrounded by moderator. Varying the sphere diameter and spacing provides a specific 




equal to 1.327 cm, provides a 80 wt% moderator/fuel ratio. The second geometry (Figure 3.4) 
considers the fuel and moderator as alternating discs stacked orthogonal to the axis of the control 
rod. The moderator/fuel ratio is determined by the ratio of the thickness of the fuel and 
moderator discs. This work considers fuel disk ranging from 0.1 cm to 1.0 cm, in steps of 0.1 cm, 
while the moderator disc thicknesses vary to provide moderator weight fractions of 30 wt%, 60 
wt%, 80 wt% and 90 wt% moderator. The third geometry (Figure 3.5) places the fuel inside the 
core cylinder as a helix structure. In this geometry, the angle subtended by the fuel sector in each 
vertical step controls the fuel/ moderator ratio. To create the helix, the element disc (fuel plus 
moderator) in each step is rotated relative to the previous step by an amount equal to the fuel 
angle (Figure 3.5). The fuel sector angle (α in Figure 3.5) is defined according the moderator-
fuel weight percentage. For example, in a 90 wt% helical moderated system, the fuel sector angle 
is equal to 6.42˚ degrees. 
 Table 3.1 presents the materials and densities used in each region in the model. The LEU 
reactor is fueled with 19.75 wt% enriched uranium-10 wt% molybdenum alloy and the zirconium 
hydride (ZrH1.5) acts as a moderator in the system.  The choice of zirconium hydride as the 
moderator in the system is based on the moderator used in the U-ZrH fueled reactors of the 
Systems for Nuclear Auxiliary Power (SNAP) program (Buden, 2011); and the present study 
uses a hydrogen to zirconium ratio of 1.5 for conservatism (Lee et al., 2015).  
Beryllium oxide serves as the reflector material and a cylindrical boron carbide (B4C) 
control rod in center of the core provides shutdown control (see Figures 3.2-3.5). The control rod 
is 22 cm long and 4.4 cm in diameter. All of the computational simulations assume that the 
boron carbide is enriched to 100% boron-10. In all cases, the H/D ratio of the core is 1.81, the 





Figure 3.4. Axial and radial cross-sections of the LEU-fueled reactor with disc fuel 
geometry. 






The MCNP6 computational code (Pelowitz, 2013) calculated the multiplication factor 
(keff) for each case in this study based on 400 active cycles with 10000 source histories per cycle 
with 30 cycles skipped before beginning tally accumulation. Each of the simulations used the 
ENDF/B-VII.1 (.80c) and ENDF/B-VII.0 (.20t) nuclear data. All of the model cases considered a  
Table 3.1. Materials for the fuel, moderator, control rod, and 
reflector in the LEU-fueled reactor models. 
Region Material Density (g/cm³) 
Fuel block U-10Mo 16.82 
Control rod B4C 2.40 
Moderator ZrH1.5 5.60 
Reflector BeO 3.010 
 
 





reactor temperature of 293 K. The uncertainties associated with the multiplication factor results 
are less than 0.0005 in all cases. 
3.4. Results 
Using MCNP6 to predict the reactor neutronics performance, this study adjusts the 
geometry of a LEU reactor fueled with un-moderated 19.75 wt% enriched uranium-10 wt% 
molybdenum alloy fuel to match the cold-clean multiplication fator of KRUSTY (1.035) (Poston 
et al., 2013). Then, zirconium hydride moderator is added to the core to reduce the size of the 
reactor while maintaining the same cold-clean multiplication factor. This work considers core 
moderator fractions of 0, 30, 60, 80, and 90 wt% moderator. The heterogeneous core models 
consider three different fuel/moderator geometries inside the core, as described in the previous 
section. In all cases, the reactor core and reflector are sized to yield a cold-clean multiplication 
factor of 1.035. 
3.4.1. Unmoderated Reactor 
The first step in the LEU reactor study adjusted the reflector thickness to maximize the 
reflector’s performance. The initial core diameter (11 cm) from KRUSTY, with a central control 
rod gap of 4.4 cm OD, was considered as a bare, un-moderated core. Increasing the reflector 
thickness in 1 cm steps produced Figure 3.6. Simply adding reflector thickness is not sufficient 
to reach a keff of 1.035 with an LEU-fueled reactor core; and, increasing the reflector thickness 
more than 30 cm does not result in substantial increases in the multiplication factor. Considering 
a constant reflector thickness of 30 cm, increasing the core diameter with a constant H/D ratio 
equal to 1.81 (the H/D ratio of KRUSTY (Poston et al., 2013)) determines the required reactor 




thickness of 30 cm, provides a beginning of life multiplication factor of 1.035. Changing from 93 
wt% enriched HEU to 19.75 wt% enriched LEU fuel resulted in a significant increase in the size 
of the reactor core (from 20 cm high, 11 cm OD to 32.7 cm high, 17.9 cm OD), with a concurrent 
increase in total mass, from 98.0 kg to 1,434.5 kg (more than a ten-fold increase), as shown in 
Table 3.2. The main source of the mass increase is from the reflector, which is much larger in the 
LEU case. Interestingly, the total mass of uranium-235 remains relatively constant. Based on 
these results, an unmoderated LEU-fueled kilopower-class reactor does not seen practical. 
3.4.2. Moderated Reactor 
Adding a moderator to the reactor core can reduce the size of an LEU-fueled space 
reactor system (Bodansky, 2004).  In moderated reactors, which are the main type of reactor used 
for commercial power production, the neutron energy (E) is reduced from the MeV region (0.1 
MeV < E ≤ 15 MeV) to the thermal region (E < 1 eV) by successive elastic collisions with light 
nuclei, possibly preceded by inelastic scattering in uranium (Bodansky, 2004). Reducing the 
energy of the neutrons to a region where the cross sections are more favorable can decrease the 
amount of uranium needed to reach criticality (Lee et al., 2015). At a nominal neutron energy of 
0.0253 eV, the ratio of the cross section for fission in uranium-235 (583 barns) to capture in 
uranium-238 (2.68 barns) is greater than 200, making it easier to sustain a chain reaction 
(Terremoto, 2004). Zirconium-hydride is a well-proven moderator. The SNAP-10A space nuclear 
reactor, the only space reactor flown by the United States of America in 1965, contained 37 
uranium-zirconium hydride fuel elements enriched with uranium-235 (Angelo and Buden, 1985). 
For conservatism, the LEU reactor models in the present study use a lower fraction of hydrogen 






Figure 3.6. Multiplication factor as a function of reflector thickness for an un-moderated 
LEU reactor core with the same dimensions as KRUSTY. 




























Figure 3.7. Multiplication factor as a function of core diameter for the un-moderated LEU 
reactor with a H/D ratio of 1.81 and a reflector thickness of 30 cm. 





























Table 3.2. Homogeneous reactor masses for a multiplication factor of 1.035 for unmoderated 
HEU and LEU cores. 
Region Component 
Uranium enrichment 
93 wt% ǂ 19.75 wt% 
Core 
U235 22.3 23.5 
U238 1.7 95.4 
Mo 2.7 13.2 
Reflector BeO 70.5 1,301.6 
Control rod B4C 0.8 0.8 
Total mass (kg) 98.0 1,434.5 
ǂ Poston et al., 2013 
3.4.2.1. Homogeneously moderated core 
Table 3.3 presents mass estimates for a homogeneously moderated LEU-fuel reactor with 
a multiplication factor of 1.035 as a function of the weight fraction of the moderator (0, 30, 60, 
80 and 90 wt% moderator).  In all cases, the height to diameter ratio (1.81), reflector thickness 
(30 cm), and materials are the same as the un-moderated LEU reactor in Section 3.4.1. Adding 
moderator can significantly reduce the mass of the LEU reactor by 230.3 kg (15.98 %), 
considering the difference between un-moderated reactor and the smallest reactor (containing 80 
wt% ZrH1.5). These results are considered the upper limit for the mass of the homogeneously 
moderated systems considered in this paper. 
3.4.2.2. Heterogeneously moderated core 
A key question in the development of an LEU-fueled space nuclear reactor is the effect of 
core heterogeneity on the reactor’s multiplication factor. The models and geometries developed 






Table 3.3.  Homogeneous reactor masses and core diameters for a multiplication factor of 1.035 
as a function of moderator fraction. 
Region Component 
Moderator Fraction 
0 wt% 30 wt% 60 wt% 80 wt% 90 wt% 
Core masses (kg) 
U235 23.5 9.6 2.8 1.2 0.8 
U238 95.4 39.0 11.5 4.7 3.0 
Mo 13.2 5.4 1.6 0.7 0.4 
ZrH1.5 0 23.1 24.0 26.3 37.7 
Total core mass (kg)  132.1 77.1 39.9 32.9 41.9 
Reflector mass (kg) BeO 1,301.6 1,280.4 1,183.6 1,176.2 1,264.9 
Control rod mass (kg) B4C 0.8 0.8 0.8 0.8 0.8 
Total mass (kg)  1,434.5 1,358.3 1,224.3 1,209.9 1,307.6 
Core diameter (cm) 17.90 17.52 15.74 15.60 17.24  
 
The heterogeneously moderated reactor provides an example of the impact of combining 
the fuel and moderator as discrete regions. 
The spherical geometry cases in this subsection adjust the pitch and diameter of the fuel 
spheres arranged in a square lattice filled with moderator to obtain a specified fuel/ moderator 
ratio. The fuel diameters range from 0.2 cm to 2.0 cm, in steps of 0.2 cm, and the fuel pitch 
varies to provide the moderator weight fractions of 30 wt%, 60 wt%, 80 wt% and 90 wt%. 
Table 3.4 presents the diameters and masses of the smallest homogeneously moderated 
cores and the smallest heterogeneously moderated cores with spherical geometry. Each case 
results in a multiplication factor of 1.035 with a 30 cm reflector thickness. For each moderator 
weight fraction, the heterogeneously moderated cores result in a smaller reactor than is possible 
with the homogeneously moderated core. A heterogeneously moderated reactor with 60 wt% 
moderator and fuel spheres with a diameter of 1 cm is the minimum mass core from the options 





Table 3.4. Minimum mass heterogeneously and homogeneously moderated reactors with a 
reflector diameter of 30 cm and multiplication factor of 1.035. 




Minimum mass heterogeneous core 












30 17.5 1,359.4 15.9 2.0 2.12 1,250.9 
60 15.7 1,225.4 14.9 1.0 1.42 1,174.8 
80 15.6 1,211.0 15.3 0.2 0.38 1,193.2 
90 17.2 1,308.7 17.1 0.2 0.47 1,300.6 
 
As the moderator ratio increases, the size of the fuel sphere needed achieve the smallest 
possible core with a multiplication factor of 1.035 decreases. However, above 80 wt% moderator, 
the decrease in the fuel sphere diameter doesn’t yield better results. In terms of total core mass, 
the fuel sphere diameter and the weight percentage of the moderator are indirectly proportional 
in their impact on core diameter. Decreasing the fuel sphere diameter and increasing the 
moderator fraction leads to a minimum core diameter at 80 wt% moderator. 
Based on the results in this section, a highly moderated system can result in a reduction in 
the total mass of the system; however, the LEU system is still significantly heavier than the HEU 
system, largely due to the mass of the reflector. The next subsection demonstrates that balancing 
the size of the core and the size of the reflector can result in a significantly smaller LEU-fueled 
reactor. 
3.4.3. Reactor Core and Reflector Size Optimization 
The results obtained in the previous sub-sections were calculated with a fixed 30 cm 
reflector thickness; however, the results in this section show that the minimum mass reactor is a 




given moderator, the reflector thickness was decreased in steps of 1 cm, increasing the core 
diameter needed to maintain the cold-clean multiplication factor equal to 1.035, with a H/D ratio 
of 1.81. Increasing the amount of fissionable material inside the core also extended the lifetime 
of the reactor system, as will be shown in Section 3.4.4. 
3.4.3.1. Mass Optimization of the Unmoderated Reactor 
Figure 3.8 indicates the core and reflector masses required to produce a cold clean 
multiplication factor of 1.035 with an unmoderated LEU-fueled reactor, as a function of  
reflector thickness. For the unmoderated LEU reactor, the minimum total mass point corresponds 
to a 14 cm reflector thickness. With a 14 cm reflector thickness, the total mass is equal to 725 kg, 
709.5 kg (49.46%) less than the minimum mass unmoderated reactor with a 30 cm reflector 
thickness (Section 3.4.2.1.). However, the total mass of the unmoderated LEU reactor is still 
almost six times the KRUSTY mass (725 kg vs ~122 kg, respectively). 
3.4.3.2. Mass Optimization of the Homogeneously Moderated Reactor 
In the homogeneously moderated core, the fuel (U-10Mo), and moderator (ZrH1.5) are 
uniformly mixed, forming a single, homogeneous material. Figure 3.9 shows the optimization of 
the homogeneous moderator system containing 30 wt% moderator. In Figure 3.9, the total mass 
minimum point is found considering the 11 cm reflector thickness, making a minimum total 
mass equal to 515.4 kg, reducing the total mass in 844.0 kg (62.09 %) from the result obtained 
with the 30 cm reflector thickness discussed on 3.4.2.1. Table 3.5 presents the dimensions and 
masses of the minimum mass homogeneously moderated LEU-fueled reactors, considering 
moderator ratios of 30, 60, 80, and 90 wt% moderator. In the homogeneous 30 wt% moderator 




minimum total mass equal to 515.4 kg, reducing the total mass 842.9 kg (62.06%), compared to 
the 30 wt% moderated homogeneous core with a 30 cm reflector (1358.3 kg, Table 3.4). The 60 
wt% homogeneously moderated reactor has a minimum mass of 281.1 kg with a 7 cm thick 
reflector, while the homogeneous 80 wt% and 90 wt% moderated reactors achieve a minimum 
total masses with 5 cm thick reflectors. The 80 wt% reactor has the lowest minimum mass (214.5 
kg) of all the homogeneous systems. Also, the lowest mass homogeneously moderated LEU-
fueled reactor is 510.5 kg less massive than the unmoderated LEU-fueled reactor considered in 

























Figure 3.8. Fuel and reflector mass as a function of reflector thickness for an unmoderated 





























30 24.98 230.3 11 284.3 0.8 515.4 
60 23.82 144.9 7 135.4 0.8 281.1 
80 24.06 126.4 5 87.3 0.8 214.5 









Figure 3.9. Fuel and reflector mass as a function of reflector thickness for an LEU-fueled, 




3.4.3.3. Mass Optimization of the Heterogeneously Moderated Reactor with Spherical Geometry 
The same process used to optimize the homogeneously moderated cores (reducing the 
reflector thickness and increasing the diameter of the core while keeping the fuel diameter equal 
to that listed in Table 3.4 for each moderator ratio) provides the minimum mass heterogeneously 
moderated reactors with spherical fuel geometry presented in Table 3.6. 
Figure 3.10 shows the core, reflector, and total masses of the heterogeneous moderator 
system containing 80 wt% moderator and a fuel sphere diameter of 0.2 cm, as a function of 
reflector thickness for the heterogeneously moderated LEU-fueled reactor with a multiplication 
factor of 1.035. In parallel to the reactors with 30 cm thick reflectors (section 3.4.2.2), small fuel 
spheres are preferred in highly moderated cases while larger fuel spheres  
 
Figure 3.10. Fuel and reflector mass as a function of reflector thickness for an LEU-fueled, 80 
wt % heterogeneously moderated reactor, with spherical fuel geometry and a multiplication 
factor of 1.035. 
 



























Table 3.6. Dimensions and masses of the minimum mass heterogeneously moderated reactors 

























30 23.04 179.9 2.0 9 185.5 0.8 366.2 
60 22.34 119.0 1.0 6 98.5 0.8 218.3 
80 23.06 111.0 0.2 5 81.2 0.8 193.0 
90 24.88 130.0 0.2 5 92.4 0.8 223.2 
 
are preferred in less moderated cases. However, the results obtained using the heterogeneously 
moderated spherical geometry (Table 3.6) are less massive than their correspondents in the 
homogeneously moderated cases (Table 3.5). 
3.4.3.4. Mass Optimization of the Heterogeneously Moderated Reactor with Disc Geometry 
The disc geometry considered in this study would result in simple-to-fabricate fuel and 
moderator components that could be easily and repeatably assembled. Figure 3.11 shows the 
core, reflector, and total masses calculated for the heterogeneously moderated system with disc 
fuel geometry containing 60 wt% moderator and 0.3 cm fuel disc thickness. The minimum total 
mass results from a 6 cm reflector thickness; corresponding a minimum total mass of 224.0 kg. 
This is 5.7 kg (2.61%) more than the minimum total mass resulting from the equivalent spherical 
fuel geometry with 60 wt% moderator (218.3 kg). Table 3.7 presents the minimum mass values 
obtained using the disc fuel geometry. Based on the 30 wt% moderator disc geometry results, the 
minimum total mass point is achieved with a 8 cm reflector thickness, a fuel disc thickness equal 
to 1.0 cm, and a minimum total mass equal to 348.9 kg, which is 17.3 kg (4.72%) less than the 






Considering all of the disc geometry reactor systems, the 80 wt% moderator system 
produces the lowest total reactor mass, with a total mass equal to 202.3 kg, corresponding to a 5 
cm reflector thickness and 0.1 cm fuel disc thickness. However, compared to the spherical fuel 
geometry reactors in Section 3.4.3.3, the disc fuel geometry increased the minimum achievable 
total mass by 9.3 kg (4.60%), based on the 80 wt% moderator geometry mass in Table 3.6 (193.0 
kg). 
With 90 wt% moderator, the minimum total mass also results from a 5 cm reflector 
thickness. The fuel disc thickness in this case is equal to 0.1 cm, producing a minimum total 
mass of 319.6 kg for this configuration. This is 96.4 kg (30.16%) higher than the result obtained 
with the 90 wt% moderator with spherical geometry, and 117.3 kg (63.30%) higher than the 
lowest total mass result among all the disc geometry reactors (see Table 3.7). 
 




















Figure 3.11. Fuel and reflector mass as a function of reflector thickness for an LEU-fueled, 
60 wt % heterogeneously moderated reactor, with disc fuel geometry and a multiplication 




Table 3.7. Dimensions and masses of the minimum mass heterogeneously moderated reactors 

























30 23.40 188.7 1.0 8 159.4 0.8 348.9 
60 22.58 123.0 0.3 6 100.2 0.8 224.0 
80 23.50 117.6 0.1 5 83.9 0.8 202.3 
90 28.70 200.5 0.1 5 118.3 0.8 319.6 
 
3.4.3.5. Mass Optimization of the Heterogeneously Moderated Reactor with Helical Geometry 
Table 3.8 presents the mass optimization results for the helical geometry reactors, 
following the process described in Section 3.4.3.3. Figure 3.12 represents mass optimization of 
the 90 wt% moderate reactor with helical fuel geometry. In this figure, the fuel elements are 0.1 
cm thick. Considering the 30 wt% moderator systems, the minimum total mass point is found 
considering an 9 cm reflector thickness, with an element thickness of 1.0 cm. In this 
configuration, the minimum total mass is equal to 352.8 kg, reducing the total mass in 13.4 kg 
(3.66%) from the corresponding spherical fuel geometry reactor (Table 3.6), and an increase of 
3.9 kg (1.11%) from corresponding disc fuel geometry reactor (Table 3.7).  
Considering the 60 wt% moderator helical geometry reactor (Table 3.8), the minimum 
total mass is equal to 223.6 kg, increasing the total mass in 5.3 kg (2.37%) from the 60 wt% 
moderator reactor with spherical geometry. The minimum total masses for the 60 wt% 
moderated reactors with disc and helical fuel geometries (Table 3.7 and 3.8) are 224.0 and 223.6 
kg, respectively. 
The 80 wt% moderator system has the minimum total mass amongst the helical geometry 





Figure 3.12. Fuel and reflector mass as a function of reflector thickness for an LEU-fueled, 90 
wt % heterogeneously moderated reactor, with helical fuel geometry and a multiplication factor 
of 1.035. 
 
reached with a 5 cm reflector thickness, and an element thickness of 0.1 cm. This is 22.6 kg 
(10.11 %) less massive than the result obtained with 60 wt% moderator (Table 3.8). However, 
compared to the 80 wt% moderated spherical fuel geometry (193.0 kg, Table 3.6), this is an 
increase in total mass of 8.0 kg (4.15 %). Compared to the 80 wt% moderated disc fuel geometry 
the helical fuel geometry decreased the minimum total reactor mass by 1.3 kg (0.64%).  
The minimum total mass (314.0 kg) corresponds to a reflector thickness of 5 cm. This is 
considering a minimum total mass equal to 314 kg, increasing the total mass in 90.8 kg (40.68 
%) from the result obtained with the 90 wt% spherical fuel geometry (Table 3.6) reactor and 
decreasing the total mass 5.6 kg (1.75 %) compared to the minimum mass 90 wt% moderated 
disc fuel geometry reactor (Table 3.7). 
























Table 3.8. Dimensions and masses of the minimum mass heterogeneously moderated 

























30 22.66 171.0 1.0 9 180.9 0.8 352.8 
60 22.56 122.7 0.3 6 100.1 0.8 223.6 
80 23.44 116.7 0.1 5 83.5 0.8 201.0 
90 28.50 196.3 0.1 5 116.9 0.8 314.0 
 
3.4.3.6. Mass Optimization Results for the Heterogeneously Moderated Reactors 
Table 3.9 summarizes the mass optimization results for the three fuel geometries 
discussed in subsections 3.4.3.3-3.4.3.5. The best results (lowest minimum masses) come from 
the 80 wt% moderated systems, but small differences between the 60 wt% and 80 wt% 
moderated reactors with disc and helical fuel geometry is also important. A 20 wt % increase to 
the fuel mass, with a penalty of a few kilograms in total mass may be valuable, when the 
reactors’ operating lifetime is considered. The reactor lifetime estimates are discussed in the next 
section. 
Table 3.9. Minimum total mass results for the heterogeneously moderated reactors. 
Moderator  
Ratio 
















30 23.04/9 366.2 23.40/8 348.9 22.66/9 352.8 
60 22.34/6 218.3 22.58/6 224.0 22.56/6 223.6 
80 23.06/5 193.0 23.50/5 202.3 23.44/5 201.0 
90 24.88/5 223.2 28.70/5 319.6 28.50/5 314.0 





3.4.4. Lifetime Estimates 
When comparing different LEU-fueled space reactor concepts, a comparison of expected 
reactor lifetime could be more important than comparing total mass at the same multiplication 
factor. At the same multiplication factor, a moderated reactor will contain less fissile material 
than an unmoderated reactor, and may thus have a dramatically shorter expected lifetime. This 
section considers the predicted lifetimes for the minimum mass homogeneously and 
heterogeneously moderated reactors determined in Section 3.4.3, based on a constant power 
output of 15 kWt (assuming a constant electric power demand of 5 kWe and a conversion 
efficiency of 33.3%). 
The isotope depletion capability present in the MCNP6 computational code predicted 
the multiplication factor (keff) for each of the minimum total mass geometry configurations in 
Section 3.4.3 as a function of operating time. The depletion routines in MCNP6 consist of a 
linked process involving steady-state flux calculations to determine the system eigenvalue, 63-
group fluxes, energy-integrated reaction rates, the fission multiplicity, and the recoverable energy 
per fission (Pelowitz, 2013). The CINDER90 module in MCNP6 then performs depletion 
calculation to generate new number densities for the next time step. Following this, MCNP6 
uses these new number densities to generate another set of fluxes and reaction rates. The process 
repeats itself through the time steps specified by the user (Pelowitz, 2013).  All of the lifetime 
evaluation cases discussed in this section considered a reactor temperature of 293 K. In the 
present study, an end-of-life multiplication factor of 1.0245 accounts for the loss of reactivity 
resulting from the change in temperature between shutdown and normal operation. This 
multiplication factor is based on the difference between the hot and cold keff  estimated for 




Figure 3.13 presents the lifetime estimate results obtained for the minimum mass 
homogeneously moderated LEU-fuel reactors containing 0, 30, 60, 80 and 90 wt% of moderator 
(sections 3.4.3.1 and 3.4.3.2), which are, respectively, more than 100, 66, 20, 9 and 8 years. As 
expected, the greater the amount of fissile material inside the core, the greater the estimate 
lifetime. Table 3.10 summarizes the predicted lifetimes for the minimum mass reactors with the 
three heterogeneous fuel geometries (spherical, disc, and helical, sections 3.4.3.4 thru 3.4.3.6, 
respectively), using the same depletion methodology as the homogeneous cases. 
 
 
           
 
Figure 3.13. Multiplication factor as a function of operating time and moderator 
fraction for the minimum mass homogeneously moderated LEU-fueled reactors 









































30 366.2/22.4 2.0 47 348.9/23.5 1.0 44 352.8/21.3 1.0 44 
60 218.3/8.5 1.0 15 224.0/8.7 0.3 16 223.6/8.7 0.3 16 
80 193.0/4.0 0.2 9 202.3/4.2 0.1 8 201.0/4.1 0.1 7 
90 223.2/2.3 0.2 6 319.6/3.6 0.1 8 314.0/3.5 0.1 7 
 
The lifetime is directly proportional to the initial amount of fissile material in the core in 
all of the cases. Comparing the expected lifetime results for the homogeneous and heterogeneous 
models, the heterogeneously moderated cores have shorter lifetimes than the homogeneously 
moderated cores with the same moderator/fuel ratio. However, the heterogeneously moderated 
cores result in lower total reactor masses than the homogeneously moderated cores. Although the 
minimum total mass is a preponderant factor to the design of a space nuclear reactor, the lifetime 
estimate is also a key consideration. Considering a balance between these two essential factors, 
the 60 wt% moderated systems with disc or helical fuel geometries are preferred. Based on the 
results in Table 3.10, the mass penalty (21.7 kg for disc fuel geometry and 22.6 kg for helical 
fuel geometry) between the 60 wt% and 80 wt% reactors is more than made up for by the 
increased operating lifetime (+8 years for the disc fuel geometry and +9 years for the helical fuel 
geometry). 
3.5. Mass comparison 
Table 3.11 compares the HEU-KRUSTY fast reactor (Gibson et al, 2015) and the final 





ǂ Gibson et al., 2015  
 
As shown in table 11, the LEU-moderated reactors have less fissile material than the 
HEU-KRUSTY, but more uranium, larger reflector, and addition of moderator. About 2.1 times 
as massive as the equivalent HEU-fueled reactor. However, when considering total system, the 
reactor is only a fraction of the total system mass. The shadow shield may represent another 148 
kg for a HEU system kilopower reactor thermal (4.3 kWt) (Gibson et al, 2015). Additionally, a 
moderated reactor system may require a less massive as the gamma contribution from the 
scattering of fast neutrons will be reduced. A future paper will consider the differences in 
shielding requirement for unmoderated and moderated space nuclear reactors. 
 
 
Table 3.11. Estimated masses for the HEU-KRUSTY fast reactor and the recommended 60 wt% 
disc or helical geometry LEU-moderated reactors. 
Region Component 
KRUSTY            Disc geometry 
                  Uranium enrichment 
Helical geometry 
93 wt% ǂ 19.75 wt% 19.75 wt% 
Core 
U235 22.3 8.75 8.72 
U238 1.7 35.53 35.47 
Mo 2.7 4.92 4.91 
Reflector BeO 70.5 100.2 100.1 
Moderator ZrH1.5 0.0 73.8 73.6 
Control rod B4C 0.8 0.8 0.8 




3.6. Summary and Conclusions 
The low-enriched uranium fueled space nuclear reactor considered in this paper is based 
on the Kilowatt Reactor Using Stirling TechnologY reactor designed by the Los Alamos National 
Laboratory. The reactor cores are compared in terms of the minimum core diameter required to 
yield a cold-clean multiplication factor of 1.035. MCNP6 calculations estimated the 
multiplication factor as a function of moderator weight percentage and core diameter for 
homogeneously and heterogeneously moderated cases, for core diameters from 11 cm
 
to 30 cm. 
To reach the lowest mass reactor with a given moderator, the reflector thickness was decreased in 
steps of 1 cm, increasing the core diameter with a H/D ratio of 1.81 to maintain the multiplication 
factor equal to 1.035. 
For the homogeneously moderated cases, increasing the percentage of moderator in the 
core decreased the core diameter required to reach a cold-clean multiplication factor at 1.035. In 
the heterogeneously moderated cases, adjusting both the fuel (U-10Mo) geometry and the weight 
percentage of the moderator (ZrH1.5) is required to determine the minimum core diameter. 
Considering the four possible moderator geometries, for the 30 wt% moderator systems 
analyzed, a spherical fuel geometry produces the lowest minimum total mass (366.2 kg). In the 
60 wt% moderator systems analyzed, disc and helical fuel geometries yield a minimum total 
mass equal to 224.0 kg and 223.6 kg, respectively. However, the spherical fuel geometry still has 
the lower minimum total mass (218.3 kg) among all the four possible moderator geometries. 
Considering the 80 wt% moderator systems, a spherical fuel geometry results in the overall 
minimum total mass of 193.0 kg. Finally, for the 90 wt% moderator systems considered in this 




All three heterogeneous fuel geometries yield a minimum mass reactor using a 
moderator/fuel ratio of 80 wt%. With a spherical fuel geometry, decreasing the fuel sphere 
diameter while an increasing the moderator ratio leads to a minimum core diameter with a fuel 
sphere diameter of 0.2 cm. The disc and helical fuel geometries yield a minimum total mass 
(202.3 and 201.0 kg, respectively) with a fuel thickness of 0.1 cm, a 5 cm thick reflector, and core 
diameters at 23.50 and 23.44 cm, respectively. 
The estimated reactor lifetime is directly proportional to the initial amount of fissile 
material in the core in all cases. Comparing the estimated lifetime results for the homogeneous 
and heterogeneous models, the heterogeneously moderated cores have shorter lifetimes than the 
homogeneously moderated cores with the same moderator/fuel ratios; however, the 
heterogeneously moderated cores result in lower mass as than the homogeneously moderated 
cores. The difference in terms of minimum total mass (21.7 kg for disc geometry and 22.6 kg for 
helical geometry) between the 60 wt% and 80 wt% reactors is overweighed by the longer 
lifetime of the 60 wt% moderated reactors, 16 years for the disc and helical fuel geometries. 
The next chapter provides a discussion about the thermo-dynamic analyze of the 60 wt% 
disc fuel geometry moderated reactor and the necessary shadow’s shielding related to the 
development of an initial design of an LEU-fueled kilopower space nuclear reactor. 
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SHIELDING ANALYSIS FOR A MODERATED LOW-ENRICHED URANIUM FUELED 
KILOWATT-CLASS SPACE NUCLEAR REACTOR 
Adapted from a paper to be submitted to Nuclear Technology.                                               




A Low Enriched Uranium (LEU)-fueled space reactor could avoid the security and 
proliferation concerns inherent with Highly Enriched Uranium (HEU)-fueled space nuclear 
reactors. Recent LEU-fueled space reactor designs include a moderator to reduce the size and 
mass of the reactor core. This paper considers shadow shield options for an unmoderated HEU-
fueled space reactor and a moderated LEU-fueled space reactor. Both reactors are kilowatt-class 
reactors, producing 15 kWth of thermal power over a 5 year operational lifetime. Based on the 
shielding required to meet established dose limits (a neutron fluence of less than 1014 n/cm2 (>1 
MeV equivalent in silicon) and a gamma ray dose of less the 1 Mrad in silicon), the moderated 
LEU-fueled space reactor will require a thicker shadow shield than the unmoderated HEU-fueled 
space reactor. The thinner reflector of the moderated LEU-fueled reactor results in more neutrons 
reaching the shadow shield at higher energies compared to the unmoderated HEU-fueled reactor. 
The presence of a significant reflector in most space reactor designs means that the core 
spectrum is relatively unimportant in terms of shadow shield design, as the reflector thickness 
has a much stronger impact on the neutrons and gamma rays reaching the shadow shield. Based 
on the results presented in this paper, the mass optimization of moderated LEU-fueled space 







Historic space nuclear reactor development has focused on Highly Enriched Uranium 
(HEU)-fueled reactors containing uranium enriched to over 93 wt% uranium-235, based on the 
assumption that Low Enriched Uranium (LEU)-fueled space nuclear reactor containing uranium 
enriched to less than 20 wt% uranium-235 would not be feasible (UN, 1992).  Recently, several 
non-nuclear weapon states and commercial entities have expressed interest in developing space 
nuclear reactor power systems.  This has led to renewed concerns about proliferation, inspiring 
several recent projects to reconsider the feasibility of an LEU-fueled space reactor (Von Hippel, 
2007; Nishiyama et al., 2009; Lee et al., 2015; Mencarini and King, 2018). One of these studies 
(Mencarini and King, 2018) concluded that while an LEU-fueled system will be more massive 
than a comparable HEU-fueled system, the use of a moderator can reduce the mass of an LEU-
fueled system, potentially making LEU-fueled space reactors viable (Mencarini and King, 2018).  
This study focused on only the neutronics aspects of the reactor and did not consider reactor heat 
transport nor the impact of the change of reactor spectrum on the design of the reactor’s shadow 
shield.  
In any space nuclear reactor system design, a radiation shadow shield is required to 
protect the power conversion system and the spacecraft payload from the neutron and gamma ray 
radiation produced by the operating reactor core.  The directional shielding protection provided 
by a properly designed shadow shield reduces the neutron and gamma ray fluences experienced 
by the non-reactor portions of the spacecraft to tolerable limits.  The mass of the shadow shield 
can represent a very large fraction of the total system mass, and can dominate the mass of a space 




The design of a space nuclear reactor radiation shadow shield must account for the 
energy spectrum of the neutrons emitted from the reactor and encountering the shield.  As a first 
approximation, a moderated space nuclear reactor should expose the shield to lower energy 
neutrons which will require less shielding material to attenuate and will produce fewer gamma 
rays from scattering reactions in the shield.  If the shadow shield for an LEU-fueled reactor 
requires less material than the shield for a comparable HEU-fueled system, then the total mass of 
an LEU-fueled reactor system could be reduced, potentially making LEU-fueled space reactor 
systems more attractive.  
This paper presents Monte Carlo models of the radiation shadow shields for a moderated 
1 kWe LEU-fueled space nuclear reactor power system (Mencarini and King, 2018).  The 
resulting model includes estimated reactor temperatures in an improved neutronics model that 
serves as the neutron and gamma source for the design of a corresponding reaction shadow 
shield.  The paper also considers the design of a shadow shield for an equivalent HEU-fueled 
space nuclear reactor.  A comparison of the two shield designs provides insight into the impact 
on shadow shield design as a result of changing from an unmoderated HEU-fueled reactor to a 
moderated LEU-fueled reactor. 
4.2. Background 
In spacecraft design, radiation shielding is frequently required to protect the astronaut 
crew, the payload, and/or any radiation-sensitive spacecraft equipment.  Radiation shielding will 
almost always be a necessary subsystem of a space nuclear reactor power system.  In orbital or 
deep space applications, the absence of a surrounding gaseous medium or atmosphere which 
could scatter neutrons back toward the system makes it feasible to place the radiation-sensitive 




between the reactor and other elements of the spacecraft. The design of shielding for space 
nuclear reactors needs to be a balance between limiting the mass of the reactor and the shield 
while meeting appropriate dose limits for the remainder of the spacecraft. 
The ionizing radiation produced by a space nuclear reactor is composed of three primary 
components: uncharged particles (neutrons), charged particles (beta particles), and 
electromagnetic radiation (gamma rays).  The neutrons produced by the reactor originate 
primarily from the fission reaction, though (n,2n) reactions in the reflector can also contribute.  
Neutrons readily penetrate most materials and can scatter far from their point of origin.  The beta 
particles produced in a space nuclear reactor come primarily from the radioactive decay of the 
fission products with a smaller contribution coming from the interaction of neutrons and gamma 
rays with the structural materials in the reactor core.  The beta particles produced in a space 
nuclear reactor are almost entirely captured by the materials in the reactor core or the reflector, 
and do not contribute significant dose to the remainder of the spacecraft.  Gamma rays originate 
from the fission reaction, from scattering reactions with materials in the reactor core, and from 
the decay of fission products.  Similar to neutrons, gamma rays are highly penetrating and 
contribute to radiation dose far from their point of origin. Thus, the design of a space reactor  
 




shadow shield must consider the attenuation of neutrons and gamma rays produced in the 
reactor, as well as protection from the gamma rays produced by the interaction of neutrons with 
the shielding material.   
Launch space limitations and thermal management considerations make it desirable to 
configure a spacecraft so that the components of the spacecraft are enclosed in a compact 
volume.  A typical shadow shield configuration, illustrated in Fig. 4.1, shields only the portion of 
the reactor emissions that contribute exposure to the rest of the spacecraft.  This configuration is 
usually considered for unmanned spacecraft operating in orbit or in deep space.  By locating the 
reactor at one end of the spacecraft, and placing the payload and sensitive spacecraft components 
behind the shadow shield, designers can minimize the shield mass needed to achieve a desired 
level of radiation protection.  
In an unmanned spacecraft, the dose limits are determined based on the radiation 
resistance of the electronics.  As example, the SNAP-10A project established dose limits of 106 
rad for gamma radiation and a total fluence of 1012 n/cm2 (En > 0.1 MeV) for electronics/ 
hardware exposed to radiation from the space nuclear reactor system (Barattino, 1985).  The 
more recent Affordable Fission Surface Power System project set gamma and neutron dose 
limits of 106 rad and 1014 n/cm2 (En > 1 MeV), respectively, as the maximum acceptable doses to 
the flight hardware (Mason et al., 2008).  This paper uses those dose limits as the reference 
values for comparing shadow shield designs for a mass optimized 1 kWe moderated LEU-fueled 
space nuclear reactor presented by Mencarini and King (2018) and an equivalent unmoderated 





4.2.1. Neutron Attenuation and Shielding 
There are three basic ways in which neutrons interact with matter: elastic scattering, 
inelastic scattering, and absorption. Elastic scattering is governed by classical two-body 
mechanics.  As hydrogen has nearly the same mass as a neutron, nearly all of the neutron’s 
energy can be transferred to a hydrogen atom in a single collision (Duderstadt and Hamilton, 
1976). Resonance scattering is another form of elastic scattering. In this case, the incident 
neutron is absorbed by the nucleus. To return to its ground energy state, the nucleus will expel 
another neutron that has the same energy as the incident neutron (Terremoto, 2004). 
In inelastic scattering the incident neutron is captured by the nucleus. This produces a 
compound nucleus in an energetically excited state; the nucleus then ejects a neutron, but this 
does not return the nucleus to its ground state. The expelled neutron has a lower energy than the 
incident neutron. In an attempt to return to the ground state, the excited nucleus will give off one 
or more gamma rays. Inelastic scattering is a common interaction for high energy neutrons with 
high atomic mass nuclei (Duderstadt and Hamilton, 1976).  Inelastic scattering can make a 
significant contribution to the number of secondary gamma rays which have to be attenuated by 
the shadow shield. 
Finally, absorption usually happens when the neutron is in the low or intermediate energy 
range. The incident neutron is captured by the nucleus. The excited nucleus then attempts to go 
to its ground state by emitting one or more gammas. These gammas are usually highly energetic 
and must be subsequently attenuated since they can substantially contribute to the radiation dose 




As a neutron produced in a space nuclear reactor penetrates the reactor system’s shadow 
shield, it undergoes scattering events which reduce its energy; eventually, the neutron will reach 
an intermediate or thermal energy the neutron will be absorbed by the shielding material.  Thus, 
the material chosen for a radiation shadow shield must be a mixture of at least two nuclides – a 
low atomic mass nuclide (such as hydrogen) which can efficiently slow down the incident high-
energy neutrons and a nuclide with a high absorption cross-section which can absorb the 
resulting intermediate and/or thermal energy neutrons. 
Metal hydrides are usually the first choice for neutron shielding applications in space due 
to their high temperature stability and elevated hydrogen density (Lee, 1987). Among these 
metal hydrides, lithium hydride (LiH) is preferred because of its high hydrogen density (NH = 5.9 
x 1022 atoms/cm3), low mass density (0.775 g/cm3), and a melting point near 960 K (McConn et 
al., 2011). Lithium hydride also produces relatively little secondary radiation from the neutron 
shielding reactions. Natural lithium contains 7.5 wt % lithium-6 with a thermal neutron 
absorption cross-section of 945 barns; however, the lithium-6 in natural lithium can have a 
negative impact on the shield design, as lithium-6 will absorb neutrons and produce heat from 
the exothermic reaction: 
𝐿𝑖36 + 𝑛  1 =  𝐻13 +  𝛼24 + 4.8 𝑀𝑒𝑉.     (4-1) 
This exothermic reaction can cause the temperature in the shield to rise (Lee, 1987). 
Lithium hydride with depleted amounts of lithium-6 could be a solution to this problem. This 
paper assumes a natural lithium hydride composition of 0.12678 wt% hydrogen; 0.0019748 wt% 
deuterium; 6.6269 wt% lithium-6; and 80.694 wt% lithium-7, with a compound density of 0.82 




LiH contains 50 at% lithium-7 and 50 at% hydrogen at the same density as natural lithium 
hydride (0.82 g/cm3). 
Boron carbide is occasionally used in space reactor shielding applications (Craft and 
King, 2010).  Carbon and boron-11 are both effective neutron moderators, while boron-10 is a 
strong neutron absorber.  The present research assumes a natural boron composition of 19.8 wt% 
boron-10 and 80.2 wt% boron-11. The assumed composition of enriched boron is 100 wt% of 
boron-10. 
4.2.2. Gamma Ray Attenuation and Shielding 
 Space nuclear reactors produce gamma rays from fission product decay, neutron capture 
and inelastic scattering. Gamma rays have no charge; and, therefore, they are very penetrating. 
Gamma rays interact with an atom’s orbital electrons in three ways - photoelectric absorption, 
Compton scattering, and pair production (Terremoto, 2004).  
 In photoelectric absorption, a gamma photon of energy greater than the binding energy of 
an orbital electron interacts with a target atom, with all the photon energy being transferred to the 
an orbital electron. The electron is ejected from the atom, and the excess energy becomes the 
kinetic energy of the electron.  Compton scattering results from the interaction between the 
gamma photon and an orbital electron. The direction vector of the gamma photon is changed 
based on the amount of photon energy absorbed by the electron.  In pair production, the photon 
interacts to annihilate the gamma photon to generate an electron-positron pair. The mass of the 
electron-positron pair is equivalent to 1.02 MeV, establishing a minimum photon energy for this 
event. Since the common gamma ray interactions involve electrons, gamma shields most often 




uranium.  Unfortunately, in the presence of high-energy neutrons, these elements can produce 
significant amounts of additional gamma rays from inelastic scattering reactions.  Since fission 
neutrons are generated with high energies (> 1 MeV), layered shields consisting of alternating 
layers of neutron and gamma absorbing materials become important to maximize radiation 
attenuation while minimizing the mass of the shield.  This becomes particularly important for 
high power space nuclear reactors.  In lower power reactors, such as KRUSTY (Poston, 2016), it 
is potentially possible to omit the high-density gamma shielding material.  Thus, the present 
research considers a single layer shield consisting solely of neutron moderators and absorbers. 
4.3. Model Descriptions 
Based on the previous mass optimization study for a moderated LEU-fueled kilopower-
class space nuclear reactor (chapter 3), the present research assumes a disc-type core 
configuration consisting of 60 wt% zirconium hydride (ZrH1.5) and 40 wt% U-10Mo alloy 
(consisting of 90 wt% uranium enriched to 19.75 wt% uranium-235 and 10 wt% natural 
molybdenum).  The chosen core configuration, shown in Figure 4.2, is 48.85 cm in length and 
12.175 cm in diameter, surrounded by a 5 cm thick beryllium oxide reflector.  The core consists 
of alternating stacked discs of U-10Mo (0.3 cm thick) and zirconium hydride (1.35 cm thick).  A 
central control rod (4.4 cm in diameter and 24.82 cm in length) provides startup and shutdown 
control. 
Figure 4.3 shows the reference unmoderated HEU-fueled reactor, based on the Kilopower 
Reactor Using Stirling TechnologY (KRUSTY) (Poston, 2016).  This reactor consists of a solid 
U-10Mo core, with an outer diameter of 11 cm and a length of 20 cm.  The uranium in this 
reactor is enriched to 93 wt% uranium-235 and alloyed with natural molybdenum. The beryllium 




The Monte Carlo N-Particle (MCNP) version 6 particle transport code (Pelowitz et al., 
2014) provided the dose estimates presented in this chapter. The MCNP models for both reactors 
follow the geometries and dimensions presented in Figures 4.2 and 4.3. Both models use the 
ENDF/B-VII.1 data libraries, adjusted, where necessary, with the MAKXSF utility program to 
provide Doppler-broadened cross sections at the appropriate temperatures.  Both models account 
for the expected hot beginning-of-life (BOL) temperatures in the reactor by adjusting the 
material densities, cross-section libraries, and the free gas scattering temperatures for each region 
in the models.   
The moderated LEU-fueled reactor model incorporates distributed temperatures based on 
a nodal, finite-difference heat transfer model of the reactor core and reflector. Table 4.1 
summarizes the temperatures predicted by the heat transfer model. The unmoderated HEU-fueled 
reactor model assumes a uniform core temperature of 1100 K, based on the results reported for 
KRUSTY (Poston, 2016). The disassociation temperature of the lithium hydride in the 
moderated LEU-fueled reactor core limits the maximum temperature in the core to 930 K, which 
makes the average reactor temperature significantly lower than that of the unmoderated HEU-
fueled reactor model.  While this difference in temperature will have a significant impact on the 
power conversion efficiency of the moderated LEU-fueled reactor, it should have a minimal 
impact on the amount and type of radiation reaching the shadow shield. 
The shielding models presented in this chapter represent a truncated cone with a side 
angle of 22.1 degrees, positioned 10 cm from the outer surface of the reflector (Figures 4.2 and 
4.3).  The minor diameter in each model ensures that the entire reactor fits within the shadow 
cone.  The shield thickness varies between 1 and 55 cm.  The shield for both reactors consists of 




Table 4.1. Temperature predictions for the moderated LEU-fueled reactor. 
 
 Temperature (K) 
Region Lowest Highest 
Fuel disc 467.1 930.4 
Moderator disc 463.3 921.7 
Reflector 300.6 549.4 
 
 





Figure 4.3. Shielding model for the unmoderated HEU-fueled reactor. 
Shielding problems are particularly challenging to simulate using Monte Carlo methods. 
By design, very few photons and neutrons penetrate the shield; therefore, simulation statistics 
become poor with large uncertainties associated with results.  To mitigate this issue and reduce 
the computational time needed to accurate simulate the radiation exiting the shadow shield, the 
MCNP models discussed in this paper incorporate several different variance reduction 
techniques. First, the models were broken into two sub-models connected using the Surface 




The first sub-model contains a SSW card, which causes MCNP to write a surface source 
file for the outer surfaces of the reflector (Pelowitz, 2013).  This file records all of the neutrons 
and photons exiting the outer surface of the reflector, including all of the pertinent characteristics 
of the particles (such as energy and direction). Subsequent MCNP simulations can use a SSR 
card to access this information in the surface source file (Pelowitz, 2013). The second sub-model 
includes a SSR card, which causes MCNP to read the surface source file produced by the first 
sub-model. The combination of the two sub-models produces an accurate description of the 
radiation arriving at the shadow shield while avoiding the need to track all of the interactions 
taking place in the reactor core for every run (Schwarz, 2018). 
While the SSW/SSR combination reduces the computational time needed to produce an 
accurate source description for the radiation impinging on the shadow shield, producing accurate 
predictions of the doses on exit side of a thick radiation shield is still challenging.  To address 
this, the weight window generator in MCNP (accessed by the WWG card) can generate a mesh-
based importance function for a user-specified tally (Pelowitz, 2013). 
The combination of the SSW, SSR and WWG cards allow MCNP to produce accurate 
estimates of neutron and gamma fluences exiting the shadow shield.  Then, conversion factors 
provided by energy response function (DE/DF) cards allow MCNP to convert the predicted 
particle fluences to a >1 MeV neutron fluence equivalent in silicon and a photon dose in silicon 
in rad units (DePriest, 2014). Each case presented in this paper included sufficient source 







The MCNP6 models described in Section 4.3 provided estimates of the neutron and 
gamma fluences and the corresponding doses at both surfaces of the radiation shadow shield for 
both the unmoderated HEU-fueled reactor and the unmoderated LEU-fueled reactor. In both 
cases, the shield is a truncated cone with a cone angle angle of 22.1 degrees. The minor surface 
of the shield for both reactors is 10 cm from the outer edge of the reflector, as shown in Figures 
4.2 and 4.3. The shielding analysis considers four materials (natural lithium hydride, depleted 
lithium hydride, natural boron carbide, and enriched boron carbide), with the thickness of the 
shield varying from 1 to 55 cm.   
The neutron and gamma fluences at the minor surface of the shield for the unmoderated 
HEU-fueled core after 5 years of operation at 15 kWth (producing 1 kWe at a conversion 
efficiency of 6.67%) are 1.47×1021 n/cm2 and 2.24×1010 gamma/cm2 respectively. The 
corresponding values for the moderated LEU-fueled core are 1.33×1022 n/cm2 and 4.29×1010 
gamma/cm2 for the neutron and gamma ray fluences, respectively.  The neutron fluences result in 
neutron doses of 1.25×1018 n/cm2 (> 1 MeV equivalent in silicon) and 1.12×1018 n/cm2 (> 1 MeV 
equivalent in silicon), at the minor surfaces of the unmoderated HEU-fueled reactor and the 
moderated LEU-fueled reactor, respectively.  The gamma ray fluences at the minor surfaces of 
the unmoderated HEU-fueled reactor and the moderated LEU-fueled reactor correspond to 
gamma ray doses of 1.43x109 rad and 1.71x109 rad, respectively.  
4.4.1. Unmoderated HEU-fueled reactor results 
Figure 4.4 shows the doses calculated at the major surface of the shadow shield as a 




selected shielding materials (natural lithium hydride, depleted lithium hydride, natural boron 
carbide, and enriched boron carbide).  Figure 4.4a presents the calculated neutron doses in terms 
of equivalent neutron fluence above 1 MeV in silicon and Figure 4.4b presents the calculated 
gamma ray doses in terms of rads in silicon.  Figure 4.4a shows little difference between natural 
lithium hydride, depleted lithium hydride, and enriched boron cabide. A shield using natural 
lithium hydride or enriched boron carbide would need to be 44 cm thick to meet the dose limit of 
1x1014 n/cm2 neutron fluence greater that 1 MeV in silicon.  A depleted lithium hydride shield 
would need to be slightly thicker (46 cm) to meet the same dose limit.  Natural boron carbide 
provides somewhat less effective neutron shielding than the other matrials, requiring a greater 
than 50 cm thick shield to meet the dose limit (see Figure 4.4a). 
With respect to gamma ray shielding for the unmoderated HEU-fueled ractor, enriched 
boron carbide is the only material that can meet the dose limit of 1x106 rad within the chosen 
range of shield thicknesses.  The 38 cm of enriched boron carbide shielding required to meet the 
gamma dose limit (106 rad) is significantly less than the 44 cm of enriched boron carbide 
required to meet the neutron dose limit (1x1014 n/cm2 (>1 MeV) equivalent in silicon). This 
suggests that a layer of gamma absorbing material, such as tungsten, will be required in shadow 
shields for any kilopower space nuclear reactor power system shield that does not use boron 
carbide. Looking closely Figure 4.4b, it is possible to see that the absorbed gamma ray dose at 
the major surface of the depleted lithium hydride shield increases until the shield is at least 10 
cm thick. Similarly, the absorbed gamma ray dose at the major surface of the natural boron 
carbide shield does not decrease until the shield is more than 5 cm thick.  That suggests that there 
is a significant contribution from gamma ray photons generated by the inelastic scattering of fast 





a) Calculated neutron doses 
 
b) Calculated gamma doses 
Figure 4.4. Calculated neutron and gamma doses from the unmoderated HEU-fueled reactor as a 






4.4.2.  Moderated LEU-fueled reactor results 
Figure 4.5a shows the calculated neutron dose at the major surface of the shadow shield 
as a function of the shield thickness for the moderated LEU-fueled reactor using natural lithium 
hydride, depleted lithium hydride, natural boron carbide, and enriched boron carbide as the 
shielding materials. Figure 4.5b shows the calculated gamma ray dose at same location using 
same shielding materials.  In terms of neutron shielding, the shield for the moderated LEU-fueled 
reactor is comparable to the shield for the unmoderated HEU-fueled reactor. 
Natural lithium hydride, depleted lithium hydride, and enriched boron carbide would all 
require a shield thickness of at least 44 cm to meet the dose limit of 1x1014 n/cm2 (>1 MeV) 
equivalent in silicon.  Natural boron carbide is slightly less effective, requiring greater than 50 
cm to meet the same dose limit. 
While the neutron shielding cases for the unmoderated HEU-fueled and the moderated 
LEU-fueled reactors are relatively similar, the gamma ray shielding cases for the moderated 
LEU-fueled reactor is significant more challenging. Figure 4.5a shows all of the shielding 
materials will require greater than 55 cm of shielding material meet the gamma ray dose limit 
(1x106 rad).  Additionally, natural lithium hydride, natural boron carbide, and enriched boron 
carbide all result in a significant increase (15-20x) in the gamma ray dose with a shield thickness 
less than 5 cm.  This implies that there is a very strong contribution from gamma rays produced 





a) Calculated neutron doses 
 
b) Calculated gamma doses  
Figure 4.5. Calculated neutron and gamma doses from the moderated LEU-fueled reactor 





The higher contribution from secondary gamma rays in the shield for the unmoderated 
LEU-fuel indicates that a strong gamma ray absorber such as tungsten will be required in the first 
few centimeters of the shield, making the shield for the moderated LEU-fueled reactor much 
more massive than the shield for the unmoderated HEU-fueled reactor.  This is contrary to the 
assumption that a moderated LEU-fueled reactor would require less gamma ray shielding than an 
unmoderated HEU-fueled reactor and requires further consideration. 
4.4.3. Gamma Ray Shielding Comparison 
Figures 4.6-4.9 directly compare the gamma ray shielding cases for the unmoderated 
HEU-fueled reactor and the moderated LEU-reactor.  The radiation dose at the major surface of 
the natural lithium hydride shadow shield (Figure 4.6) shows a consistent downward trend for 
both reactors. The shield for the moderated LEU-fueled reactor is slightly less effective than the 
shield for the unmoderated LEU-fueled reactor. 
The dose versus shield thickness trend is consistent for both reactors, with the only 
significant difference being a large jump in dose resulting from a thin (less than 5 cm) shield for 
the moderated LEU-fueled reactor. 
The depleted lithium hydride shield for the moderated LEU-fueled reactor (Figure 4.7) is 
the only shield for the moderated reactor that does not show a large increase in dose at the major 
surface resulting from a thin (less than 5 cm) shield. However, depleted lithium hydride is not a 
particularly good gamma-ray shield and would require significantly more than 55 cm of 





Figure 4.6. Gamma ray dose as a function of shield thickness using natural lithium hydride. 
 
 







The natural boron carbide shield (Figure 4.8) results in roughly the same dose at the 
major surface of the shield for either the unmoderated HEU-fueled reactor or the moderated 
LEU-fueled reactor.  Similar to the natural lithium hydride and enriched boron carbide shields 
(Figures 4.6 and 4.9, respectively), a 2.5 cm thick natural boron carbide shield results in a more 
than two order of magnitude increase in the gamma ray dose at the major surface of the shield.  
The natural boron carbide shield is more effective than either the natural or depleted lithium 
hydride shield and would be likely to meet the dose limit of 1x106 rad with less than 65 cm of 
shield thickness. 
The enriched boron carbide shield (Figure 4.9) is significantly more effective than the 
other shields at reducing gamma ray dose at the the major surface of the shield. The dose from 
the unmoderated HEU-fueled reactor shows a steady decrease as a function of shield thickness, 
dropping below the 1x106 rad dose limit with a shield thickness of 34 cm.  The decrease in the 
dose from the moderated LEU-fueled reactor is comparable to that produced by the natural boron 
carbide shield (Figure 4.8); however, the jump in dose rate from a 2.5 cm thick shield is slightly 
less pronounced. 
Understanding the gamma shielding results requires further examination of the neutron 
fluences and energies present at the minor surface of the shadow shield.  Table 4.2 presents 
several neutron and gamma parameters of interest for both reactors, as calculated by the 
respective MCNP models.  The average neutron energies in Table 4.2 represent the results of 







Figure 4.8. Gamma dose as a function of shield thickness using natural boron carbide. 
 
 























Core 0.975 3 2.71×10
23 n/a 




Core 0.650 14.9 1.34×1023 n/a 
Reflector 0.804  n/a 1.29×1022 4.29×1010 
 
The MCNP models predict the fluences presented in Table 4.2 (neutron or gamma) using 
surface (F2) tallies on the interfaces between the core and the reflector (for the core fluences) or 
on the outside surface of the reflector (for the reflector fluences). The effective fission cross 
sections represent a core-averaged volume (F4) tallies modified by the appropriate multiplier 
(FM) cards.  The reactor power and lifetime are the same in each case (5 years at 15 kWth). 
Based on the results listed in Table 4.2, the unmoderated HEU-fueled reactor has a higher 
average neutron energy in the core than the moderated LEU-fueled reactor (0.975 MeV versus 
0.650 MeV, respectively).  This is expected, as the primary purpose of the moderator is to lower 
the average neutron energy to increase the effective fission cross section.  The effective fission 
cross section of the moderated LEU-fueled reactor is greater than the effective fission cross 
section of the unmoderated HEU-fueled reactor by nearly a factor of five (14.9 b compared to 3 
b, respectively).  The average fission cross section of the unmoderated HEU-fueled reactor (3 b) 
matches the effective fission cross section expected for a fast reactor.  The lower effective fission 
cross section of the unmoderated HEU-fueled reactor results in a higher fluence at the core-
reflector boundry by a factor of approximately two, 2.71x1023 n/cm2 compared to 1.34x1023 
n/cm2 for the moderated LEU-fueled reactor (see Table 4.2).  A perfectly moderated reactor 




effects, indicating that the moderated LEU-fueled reactor, with an effective fission cross section 
of 14.9 b, is an epithermal rather than a thermal reactor system. 
Interestingly, however, the moderated LEU-fueled reactor has a higher average neutron 
energy in the reflector compared to the unmoderated HEU-fueled reactor (0.804 MeV versus 
0.426 MeV, respectively.  This suggests that the thinner (5 cm) reflector of the moderated LEU-
fueled reactor is less effective at moderating and returning neutrons to the core than the thicker 
(11 cm) reflector of the unmoderated HEU-fueled reactor.  The thinner, 5 cm, reflector of the 
moderated LEU-fueled reactor results in a nearly six-fold higher neutron fluence at the outer 
edge of the reflector, 1.29x1022 n/cm2 versus 2.21x1021 n/cm2 for the unmoderated HEU-fueled 
reactor. 
Thus, at the same power level, the unmoderated LEU-fueled reactor will produce more 
neutrons at the outer edge of the reflector at higher energies compared to the moderated HEU-
fueled reactor.  Thus, the unmoderated LEU-fueled reactor will include a thicker, heavier shadow 
shield.  The higher energy of the neutrons leaving the reflector of the unmoderated LEU-fueled 
reactor will most likely require incorporating a tungsten or depleted uranium layer near the minor 
surface of the shadow shield, increasing the mass of the shadow shield.  The higher gamma ray 
fluence produced by the moderated LEU-fueled reactor (4.29×1010 gamma/cm2 compared to 
2.24×1010 gamma/cm2 for the unmoderated HEU-fueled reactor) further contribute to a larger, 
more massive, shield.  Based on the analysis in this section, the shadow shield design is tightly 
coupled to the reflector thickness. The presence of a significantly high-worth reflector means that 
the core spectrum is somewhat de-emphasized in terms of shield design, as the reflector 





4.5 Summary and Conclusions  
 A moderated LEU-fueled reactor containing 60 wt% zirconium hydride (ZrH1.5) in an 
alternating disc geometry with 19.75 wt% enriched uranium alloyed with 10 wt% molybdenum 
(U-10Mo) could be a feasible alternative to an unmoderated HEU-fueled reactor with a 
monolithic block of 93 wt% enriched U-10Mo.  However, the radiation shielding required by any 
space nuclear power system is frequently the most massive component of the power system.  The 
present study considers the shield design for comparable unmoderated HEU-fueled and 
moderated LEU-fueled space nucles power reactors operating at the same thermal power (15 
kWth) and operating lifetime (5 years). 
Considering both reactors, the shielding analyses show that the moderated LEU-fueled 
reactor will need a thicker shadow shield compared to the unmoderated HEU-fueled reactor.  
While the the moderated LEU-fueled reactor requires a lower lifetime core fluence for the same 
power (by a factor of approximately two), the thicker reflector of the unmoderated HEU-fueled 
system results in a nearly six-fold reduction in the fluence emitted from the outside surface of the 
reflector, which reduces the neutron current reaching the shield. The thinner reflector of the 
moderated LEU-fueled reactor means that more neutrons reach the shield at higher energies 
compared to the unmoderated HEU-fueled reactor; thus, the presence of a significant reflector 
means that the core spectrum is relative unimportant in terms of shield design, as the reflector 
thickness has a more significant impact than the presence of a moderator.   
The higher energy of the neutrons leaving the reflector of the moderated LEU-fueled 
reactor will most likely require the shadow shield to incorporate a tungsten or depleted uranium 




higher gamma ray fluence produced by the moderated LEU-fueled reactor will further contribute 
to a larger, more massive, shield for that reactor.   
Based on the analyses presented in this paper, the design of the radiation shadow shield 
for a space nuclear is tightly coupled to the reflector thickness. The presence of a significantly 
high-worth reflector means that the core spectrum is somewhat de-emphasized in terms of shield 
design, as the reflector thickness has a more significant impact.  Therefore, mass optimization of 
a space nuclear reactor needs to consider the coupled impacts of the core, the reflector, and the 
radiation shield. 
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SUMMARY AND CONCLUSIONS 
 
A Low Enriched Uranium (LEU)-fueled space reactor could avoid the security and 
proliferation concerns inherent with Highly Enriched Uranium (HEU)-fueled space nuclear 
reactors. This thesis considers moderator and shadow shield configuration options for a 
moderated LEU-fueled kilowatt-class space nuclear reactor, designed to producing 1 kWe of 
electric power over a 5 year operational lifetime. To verify the feasibility of a LEU-fueled space 
nuclear reactor, the thesis addressed two objectives: A study of different moderator geometry 
configurations option for the reactor core, considering both heterogeneously and homogeneously 
moderated systems; and, and evaluation of the impact of changing from an unmoderated HEU-
fueled reactor to a moderated LEU-fueled reactor on the design of the space nuclear reactor 
power system’s shadow shield. 
In Chapter 3, the reactor cores are compared in terms of the minimum core diameter 
required to yield a cold-clean multiplication factor of 1.035.  Monte Carlo N-Particle (MCNP) 
calculations estimated the multiplication factor as a function of moderator weight percentage and 
core diameter for homogeneously and heterogeneously moderated cases, for core diameters from 
11 cm
 
to 30 cm. To reach the lowest mass reactor with a given moderator, the reflector thickness 
was decreased in steps of 1 cm, increasing the core diameter with a H/D ratio of 1.81 to maintain 
the multiplication factor equal to 1.035. 
For the homogeneously moderated cases, increasing the percentage of moderator in the 




the heterogeneously moderated cases, adjusting both the fuel (U-10Mo) geometry and the weight 
percentage of the moderator (ZrH1.5) is required to determine the minimum core diameter.  The 
heterogeneously moderated cases considered spherical, disc and helical fuel geometries. 
For the 30 wt% moderator systems, a spherical fuel geometry produces the lowest 
minimum total mass (366.2 kg). In the 60 wt% moderator systems, disc and helical fuel 
geometries yield a minimum total mass equal to 224.0 kg and 223.6 kg, respectively. However, 
the spherical fuel geometry still has the lowest minimum total mass (218.3 kg) among the three 
possible fuel geometries. Considering the 80 wt% moderator systems, a spherical fuel geometry 
results in the overall minimum total mass of 193.0 kg. Finally, for the 90 wt% moderator systems 
considered in this paper, a spherical fuel geometry produces a minimum total mass equal to 223.2 
kg. 
The estimated reactor lifetime is directly proportional to the initial amount of fissile 
material in the core in all cases. Comparing the estimated lifetime results for the homogeneous 
and heterogeneous models, the heterogeneously moderated cores have shorter lifetimes than the 
homogeneously moderated cores with the same moderator/fuel ratios; however, the 
heterogeneously moderated cores result in lower mass as than the homogeneously moderated 
cores. The difference in terms of minimum total mass between the 60 wt% and 80 wt% reactors 
is outweighed by the longer lifetime of the 60 wt% moderated reactors. 
Based on the results in Chapter 3, a moderated LEU-fueled reactor containing 60 wt% 
zirconium hydride (ZrH1.5) in an alternating disc geometry with 19.75 wt% enriched uranium 
alloyed with 10 wt% molybdenum (U-10Mo) could be a feasible alternative to an unmoderated 




radiation shielding required by any space nuclear power system is frequently the most massive 
component of the power system.  Chapter 4 considers the shield design for comparable 
unmoderated HEU-fueled and moderated LEU-fueled space nucles power reactors operating at 
the same thermal power (15 kWth) and operating lifetime (5 years). 
Considering both reactors, the shielding analyses show that the moderated LEU-fueled 
reactor will need a thicker shadow shield compared to the unmoderated HEU-fueled reactor.  
While the the moderated LEU-fueled reactor requires a lower lifetime core fluence for the same 
power (by a factor of approximately two), the thicker reflector of the unmoderated HEU-fueled 
system results in a nearly six-fold reduction in the fluence emitted from the outside surface of the 
reflector, which reduces the neutron current reaching the shield. The thinner reflector of the 
moderated LEU-fueled reactor means that more neutrons reach the shield at higher energies 
compared to the unmoderated HEU-fueled reactor; thus, the presence of a significant reflector 
means that the core spectrum is relative unimportant in terms of shield design, as the reflector 
thickness has a more significant impact than the presence of a moderator.   
The higher energy of the neutrons leaving the reflector of the moderated LEU-fueled 
reactor will most likely require the shadow shield to incorporate a tungsten or depleted uranium 
layer near the minor surface of the shadow shield, increasing the mass of the shadow shield.  The 
higher gamma ray fluence produced by the unmoderated LEU-fueled reactor will further 
contribute to a larger, more massive, shield for that reactor.   
Based on the analyses presented in this thesis, the design of the radiation shadow shield 
for a space nuclear is tightly coupled to the reflector thickness. The presence of a significantly 
high-worth reflector means that the core spectrum is somewhat de-emphasized in terms of shield 



























RECOMMENDATIONS FOR FUTURE WORK 
Additional configurations of fuel and moderator in a heterogeneously moderated reactor 
could be further explored. The present study did not consider cladding effects and the inclusion 
of cladding in future studies would provide a more accurate picture of the challenges involved in 
incorporating moderators into mass-limited, compact reactor power system.  Additional 
moderator materials should be included in future studies.  Recent work on new moderator 
material materials for terrestrial micro-reactors may be applicable to the design of moderated 
LEU-fueled space nuclear reactors.  
A detailed thermal hydraulics study of the moderated system, coupling the unstructured 
mesh capabilities of the Monte Carlo N-Particle (MCNP) code a finite element code such as  
ABAQUS could produce a more accurate picture of the heat transfer and temperatures in the 
reactor core.  The model could be extended with additional physics to simulate the diffusion of 
hydrogen from the zirconium hydride moderate, driven the temperature gradients in the core. 
Chapter 3 balanced the core size and the reflector thickness to identify the optimum, 
minimum-mass point for each combination of moderator concentration and configuration. The 
results in Chapter 4 demonstrated that the required shadow shield thickness is also very sensitive 
to the reflector configuration.  Thus, including the shield design in the balancing of core size and 
reflector thickness is important to find the true optimum, minimum mass, system.  
When using strongly absorbing shielding materials such as natural lithium hydride or  




few centimeter of the shield, increasing of the resulting gamma ray dose.  Chapter 4 
demonstrated that these secondary gamma rays are strongly impacted by the thickness of the 
reflector.  Future shadow shield design studies could consider the balance between a thicker 
reflector and the need to incorporate a dense gamma ray shielding layer in the shadow shield.  
The ideal radiation shadow shield will likely incorporate multiple layers of shielding material, 



















MCNP6 UNMODERATED HEU-FUELED REACTOR EXAMPLE INPUT FILE 
 
UNMODERATED 
219 0     -105 -92 322 IMP:n,p=1 
220 1 -15.9 -106 105 90 -91 TMP=9.246E-08 imp:n,p=1 
221 2 -3.01 -107 92 -93 TMP=7.522E-08 imp:n,p=1 $ REFLETOR 
222 2 -3.01 -107 105 91 -92 TMP=7.522E-08 imp:n,p=1 
223 2 -3.01 -107 106 90 -91 TMP=7.522E-08 imp:n,p=1 
224 2 -3.01 -107 105 -90 88 TMP=7.522E-08 imp:n,p=1 
225 0     -999 (107:-88:93) #1000 #1001 #1002 #1003 imp:n,p=1 
202 3 -2.52 -105 88 -322 TMP=9.246E-08 IMP:n,p=1 
c new outside world 
999 0    999 imp:n,p=0 
c shield 
1000 0     -1000 -1001 IMP:n,p=1 
1001 3 -2.52 -1000  1001 -6 IMP:n,p=1 
1002 3 -2.52 -1000 6 -1002 IMP:n,p=1 
1003 0     -1000 1002 -1003 IMP:n,p=1 
 
88 pz -11 
89 PZ -2 
90 PZ 0 
91 PZ 20 
92 pz 22 
93 pz 31 
105 CZ 2.2 
106 CZ 5.5 
107 CZ 16.5 
322 pz 5.5 
999 so 10000 
c shield surfaces 
1000 trc 0 0 31.000001 0 0 110 24.6678 46.0598 
1001 pz 41  $10 cm de espaco 
6 pz 53.49 
1002 pz 53.5 $LiH shield 
1003 pz 141 $ end of cone 
c tally segments 
700 cz 5 
701 cz 10 
702 cz 15 




704 cz 25 
705 cz 27.7 
 
c KCODE 10000 1.0 30 400 
mode n p 
c sdef axs=0 0 1 pos=0 0 0 ext=d1 rad=d2 
c si1 2.5 18 
c sp1 0 1 
c si2 2.5 5.3 
c sp2 0 1 
m1    92235.14c -0.837 
      92238.14c -0.063 
      42092.14c -0.01421 
      42094.14c -0.00905 
      42095.14c -0.01575 
      42096.14c -0.01668 
      42097.14c -0.00965 
      42098.14c -0.02463 
      42100.14c -0.01003 
      54135.14c -0.1e-23  $ Xenon-135 
      62149.14c -0.1e-23  $ Samarium-149 
      93237.14c -0.1e-23  $ Neptunium-237 
      93238.14c -0.1e-23  $ Neptunium-238 
      93239.14c -0.1e-23  $ Neptunium-239 
      94238.14c -0.1e-23  $ Plutonium-238 
      94239.14c -0.1e-23  $ Plutonium-239 
      94240.14c -0.1e-23  $ Plutonium-240 
      94241.14c -0.1e-23  $ Plutonium-241 
C      
m2 4009.13c 1 8016.13c 1 
MT2 be/o.15t o/be.15t 
m3 5010.70c 1 5011.70c 3 6000.70c 1 
c Tungsten    d=-19.300000  , ref PNNL-15870 Rev1  
m631 74180.80c  -1.1982e-003  74182.80c  -2.6499e-001  74183.80c 
c Lithium Hydride    d=-0.820000  , ref PNNL-15870 Rev1 
m477 1001.70c -1.2678e-001 1002.80c -1.9748e-005 3006.80c -6.6269e-002 
      3007.80c -8.0694e-001 
m10 3007.80c 1 1001.70c 1 
c SSW  93 (-221 -222 -223 -224) 107 -88 CEL 220 
m999 14000.01p 1.0 
F2:P 1002 
FM2 3.43534E-10 999 -5 -6 
fc52 tally em neutron em 1002 N/CM^2 
f52:n 1002 
E52 1 30 




f6:p 1002  
fm6  1.602E-08 
print 
prdmp  2j 1  $creates a mctal file, opens in ANY version of MCNP or Vised 
TMESH 
  RMESH1:n 
  cora1 -100 5i -40 19i 40 5i 100 
  corb1 -100 5i -40 19i 40 5i 100 




wwg 52 0   
MESH geom = rec origin= -100 -100 -100 ref= 0 0 46.1   
      IMESH  -40 40 100 
       iints 5 15 5 
      JMESH -40 40 100 
       jints 5 15 5 
      KMESH -5 48.83 55.83 65 100 
       kints 1 1 5 5  5 
wwp:p 4j -1 
wwp:n 4j -1 
DE52 1.000E-10 1.050E-10 1.100E-10 1.150E-10 1.200E-10 
      1.275E-10 1.350E-10 1.425E-10 1.500E-10 1.600E-10 1.700E-10 
      1.800E-10 1.900E-10 2.000E-10 2.100E-10 2.200E-10 2.300E-10 
      2.400E-10 2.550E-10 2.700E-10 2.800E-10 3.000E-10 3.200E-10 
      3.400E-10 3.600E-10 3.800E-10 4.000E-10 4.250E-10 4.500E-10 
      4.750E-10 5.000E-10 5.250E-10 5.500E-10 5.750E-10 6.000E-10 
      6.300E-10 6.600E-10 6.900E-10 7.200E-10 7.600E-10 8.000E-10 
      8.400E-10 8.800E-10 9.200E-10 9.600E-10 1.000E-09 1.050E-09 
      1.100E-09 1.150E-09 1.200E-09 1.275E-09 1.350E-09 1.425E-09 
      1.500E-09 1.600E-09 1.700E-09 1.800E-09 1.900E-09 2.000E-09 
      2.100E-09 2.200E-09 2.300E-09 2.400E-09 2.550E-09 2.700E-09 
      2.800E-09 3.000E-09 3.200E-09 3.400E-09 3.600E-09 3.800E-09 
      4.000E-09 4.250E-09 4.500E-09 4.750E-09 5.000E-09 5.250E-09 
      5.500E-09 5.750E-09 6.000E-09 6.300E-09 6.600E-09 6.900E-09 
      7.200E-09 7.600E-09 8.000E-09 8.400E-09 8.800E-09 9.200E-09 
      9.600E-09 1.000E-08 1.050E-08 1.100E-08 1.150E-08 1.200E-08 
      1.275E-08 1.350E-08 1.425E-08 1.500E-08 1.600E-08 1.700E-08 
      1.800E-08 1.900E-08 2.000E-08 2.100E-08 2.200E-08 2.300E-08 
      2.400E-08 2.550E-08 2.700E-08 2.800E-08 3.000E-08 3.200E-08 
      3.400E-08 3.600E-08 3.800E-08 4.000E-08 4.250E-08 4.500E-08 
      4.750E-08 5.000E-08 5.250E-08 5.500E-08 5.750E-08 6.000E-08 
      6.300E-08 6.600E-08 6.900E-08 7.200E-08 7.600E-08 8.000E-08 
      8.400E-08 8.800E-08 9.200E-08 9.600E-08 1.000E-07 1.050E-07 




      1.500E-07 1.600E-07 1.700E-07 1.800E-07 1.900E-07 2.000E-07 
      2.100E-07 2.200E-07 2.300E-07 2.400E-07 2.550E-07 2.700E-07 
      2.800E-07 3.000E-07 3.200E-07 3.400E-07 3.600E-07 3.800E-07 
      4.000E-07 4.250E-07 4.500E-07 4.750E-07 5.000E-07 5.250E-07 
      5.500E-07 5.750E-07 6.000E-07 6.300E-07 6.600E-07 6.900E-07 
      7.200E-07 7.600E-07 8.000E-07 8.400E-07 8.800E-07 9.200E-07 
      9.600E-07 1.000E-06 1.050E-06 1.100E-06 1.150E-06 1.200E-06 
      1.275E-06 1.350E-06 1.425E-06 1.500E-06 1.600E-06 1.700E-06 
      1.800E-06 1.900E-06 2.000E-06 2.100E-06 2.200E-06 2.300E-06 
      2.400E-06 2.550E-06 2.700E-06 2.800E-06 3.000E-06 3.200E-06 
      3.400E-06 3.600E-06 3.800E-06 4.000E-06 4.250E-06 4.500E-06 
      4.750E-06 5.000E-06 5.250E-06 5.500E-06 5.750E-06 6.000E-06 
      6.300E-06 6.600E-06 6.900E-06 7.200E-06 7.600E-06 8.000E-06 
      8.400E-06 8.800E-06 9.200E-06 9.600E-06 1.000E-05 1.050E-05 
      1.100E-05 1.150E-05 1.200E-05 1.275E-05 1.350E-05 1.425E-05 
      1.500E-05 1.600E-05 1.700E-05 1.800E-05 1.900E-05 2.000E-05 
      2.100E-05 2.200E-05 2.300E-05 2.400E-05 2.550E-05 2.700E-05 
      2.800E-05 3.000E-05 3.200E-05 3.400E-05 3.600E-05 3.800E-05 
      4.000E-05 4.250E-05 4.500E-05 4.750E-05 5.000E-05 5.250E-05 
      5.500E-05 5.750E-05 6.000E-05 6.300E-05 6.600E-05 6.900E-05 
      7.200E-05 7.600E-05 8.000E-05 8.400E-05 8.800E-05 9.200E-05 
      9.600E-05 1.000E-04 1.050E-04 1.100E-04 1.150E-04 1.200E-04 
      1.275E-04 1.350E-04 1.425E-04 1.500E-04 1.600E-04 1.700E-04 
      1.800E-04 1.900E-04 2.000E-04 2.100E-04 2.200E-04 2.300E-04 
      2.400E-04 2.550E-04 2.700E-04 2.800E-04 3.000E-04 3.200E-04 
      3.400E-04 3.600E-04 3.800E-04 4.000E-04 4.250E-04 4.500E-04 
      4.750E-04 5.000E-04 5.250E-04 5.500E-04 5.750E-04 6.000E-04 
      6.300E-04 6.600E-04 6.900E-04 7.200E-04 7.600E-04 8.000E-04 
      8.400E-04 8.800E-04 9.200E-04 9.600E-04 1.000E-03 1.050E-03 
      1.100E-03 1.150E-03 1.200E-03 1.275E-03 1.350E-03 1.425E-03 
      1.500E-03 1.600E-03 1.700E-03 1.800E-03 1.900E-03 2.000E-03 
      2.100E-03 2.200E-03 2.300E-03 2.400E-03 2.550E-03 2.700E-03 
      2.800E-03 3.000E-03 3.200E-03 3.400E-03 3.600E-03 3.800E-03 
      4.000E-03 4.250E-03 4.500E-03 4.750E-03 5.000E-03 5.250E-03 
      5.500E-03 5.750E-03 6.000E-03 6.300E-03 6.600E-03 6.900E-03 
      7.200E-03 7.600E-03 8.000E-03 8.400E-03 8.800E-03 9.200E-03 
      9.600E-03 1.000E-02 1.050E-02 1.100E-02 1.150E-02 1.200E-02 
      1.275E-02 1.350E-02 1.425E-02 1.500E-02 1.600E-02 1.700E-02 
      1.800E-02 1.900E-02 2.000E-02 2.100E-02 2.200E-02 2.300E-02 
      2.400E-02 2.550E-02 2.700E-02 2.800E-02 3.000E-02 3.200E-02 
      3.400E-02 3.600E-02 3.800E-02 4.000E-02 4.250E-02 4.500E-02 
      4.750E-02 5.000E-02 5.250E-02 5.500E-02 5.750E-02 6.000E-02 
      6.300E-02 6.600E-02 6.900E-02 7.200E-02 7.600E-02 8.000E-02 
      8.400E-02 8.800E-02 9.200E-02 9.600E-02 1.000E-01 1.050E-01 
      1.100E-01 1.150E-01 1.200E-01 1.275E-01 1.350E-01 1.425E-01 




      2.100E-01 2.200E-01 2.300E-01 2.400E-01 2.550E-01 2.700E-01 
      2.800E-01 3.000E-01 3.200E-01 3.400E-01 3.600E-01 3.800E-01 
      4.000E-01 4.250E-01 4.500E-01 4.750E-01 5.000E-01 5.250E-01 
      5.500E-01 5.750E-01 6.000E-01 6.300E-01 6.600E-01 6.900E-01 
      7.200E-01 7.600E-01 8.000E-01 8.400E-01 8.800E-01 9.200E-01 
      9.600E-01 1.000E+00 1.100E+00 1.200E+00 1.300E+00 1.400E+00 
      1.500E+00 1.600E+00 1.700E+00 1.800E+00 1.900E+00 2.000E+00 
      2.100E+00 2.200E+00 2.300E+00 2.400E+00 2.500E+00 2.600E+00 
      2.700E+00 2.800E+00 2.900E+00 3.000E+00 3.100E+00 3.200E+00 
      3.300E+00 3.400E+00 3.500E+00 3.600E+00 3.700E+00 3.800E+00 
      3.900E+00 4.000E+00 4.100E+00 4.200E+00 4.300E+00 4.400E+00 
      4.500E+00 4.600E+00 4.700E+00 4.800E+00 4.900E+00 5.000E+00 
      5.100E+00 5.200E+00 5.300E+00 5.400E+00 5.500E+00 5.600E+00 
      5.700E+00 5.800E+00 5.900E+00 6.000E+00 6.100E+00 6.200E+00 
      6.300E+00 6.400E+00 6.500E+00 6.600E+00 6.700E+00 6.800E+00 
      6.900E+00 7.000E+00 7.100E+00 7.200E+00 7.300E+00 7.400E+00 
      7.500E+00 7.600E+00 7.700E+00 7.800E+00 7.900E+00 8.000E+00 
      8.100E+00 8.200E+00 8.300E+00 8.400E+00 8.500E+00 8.600E+00 
      8.700E+00 8.800E+00 8.900E+00 9.000E+00 9.100E+00 9.200E+00 
      9.300E+00 9.400E+00 9.500E+00 9.600E+00 9.700E+00 9.800E+00 
      9.900E+00 1.000E+01 1.010E+01 1.020E+01 1.030E+01 1.040E+01 
      1.050E+01 1.060E+01 1.070E+01 1.080E+01 1.090E+01 1.100E+01 
      1.110E+01 1.120E+01 1.130E+01 1.140E+01 1.150E+01 1.160E+01 
      1.170E+01 1.180E+01 1.190E+01 1.200E+01 1.210E+01 1.220E+01 
      1.230E+01 1.240E+01 1.250E+01 1.260E+01 1.270E+01 1.280E+01 
      1.290E+01 1.300E+01 1.310E+01 1.320E+01 1.330E+01 1.340E+01 
      1.350E+01 1.360E+01 1.370E+01 1.380E+01 1.390E+01 1.400E+01 
      1.410E+01 1.420E+01 1.430E+01 1.440E+01 1.450E+01 1.460E+01 
      1.470E+01 1.480E+01 1.490E+01 1.500E+01 1.510E+01 1.520E+01 
      1.530E+01 1.540E+01 1.550E+01 1.560E+01 1.570E+01 1.580E+01 
      1.590E+01 1.600E+01 1.610E+01 1.620E+01 1.630E+01 1.640E+01 
      1.650E+01 1.660E+01 1.670E+01 1.680E+01 1.690E+01 1.700E+01 
      1.710E+01 1.720E+01 1.730E+01 1.740E+01 1.750E+01 1.760E+01 
      1.770E+01 1.780E+01 1.790E+01 1.800E+01 1.810E+01 1.820E+01 
      1.830E+01 1.840E+01 1.850E+01 1.860E+01 1.870E+01 1.880E+01 
      1.890E+01 1.900E+01 1.910E+01 1.920E+01 1.930E+01 1.940E+01 
      1.950E+01 1.960E+01 1.970E+01 1.980E+01 1.990E+01 2.000E+01 
DF52 0.0 1.55757E-02 1.52081E-02 1.48653E-02 1.45460E-02 1.41733E-02 
      1.37625E-02 1.33856E-02 1.30375E-02 1.26638E-02 1.22736E-02 
      1.19183E-02 1.15909E-02 1.12923E-02 1.10122E-02 1.07528E-02 
      1.05108E-02 1.02848E-02 1.00215E-02 9.73084E-03 9.50730E-03 
      9.25812E-03 8.95570E-03 8.67986E-03 8.42810E-03 8.19695E-03 
      7.98391E-03 7.76284E-03 7.53775E-03 7.33121E-03 7.14061E-03 
      6.96547E-03 6.80114E-03 6.64813E-03 6.50521E-03 6.35797E-03 
      6.20825E-03 6.06873E-03 5.93817E-03 5.79587E-03 5.64534E-03 




      4.92539E-03 4.80914E-03 4.70093E-03 4.59982E-03 4.48213E-03 
      4.35218E-03 4.23284E-03 4.12277E-03 4.00467E-03 3.88132E-03 
      3.76888E-03 3.66560E-03 3.57108E-03 3.48232E-03 3.40036E-03 
      3.32386E-03 3.25240E-03 3.16920E-03 3.07725E-03 3.00651E-03 
      2.92775E-03 2.83209E-03 2.74488E-03 2.66528E-03 2.59218E-03 
      2.52474E-03 2.45492E-03 2.38367E-03 2.31839E-03 2.25806E-03 
      2.20276E-03 2.15076E-03 2.10236E-03 2.05716E-03 2.01062E-03 
      1.96326E-03 1.91909E-03 1.87780E-03 1.83280E-03 1.78523E-03 
      1.74116E-03 1.70008E-03 1.66188E-03 1.62625E-03 1.59299E-03 
      1.55757E-03 1.52081E-03 1.48663E-03 1.45461E-03 1.41744E-03 
      1.37635E-03 1.33856E-03 1.30376E-03 1.26648E-03 1.22746E-03 
      1.19184E-03 1.15920E-03 1.12933E-03 1.10143E-03 1.07538E-03 
      1.05128E-03 1.02866E-03 1.00238E-03 9.73372E-04 9.50967E-04 
      9.26100E-04 8.95725E-04 8.68161E-04 8.42955E-04 8.19818E-04 
      7.98514E-04 7.76449E-04 7.53920E-04 7.33234E-04 7.14329E-04 
      6.96660E-04 6.80216E-04 6.64916E-04 6.50624E-04 6.35961E-04 
      6.20990E-04 6.07028E-04 5.93962E-04 5.79814E-04 5.64740E-04 
      5.50767E-04 5.37773E-04 5.25674E-04 5.14389E-04 5.03845E-04 
      4.92591E-04 4.80966E-04 4.70144E-04 4.60033E-04 4.48347E-04 
      4.35352E-04 4.23408E-04 4.12391E-04 4.00621E-04 3.88255E-04 
      3.76980E-04 3.66643E-04 3.57190E-04 3.48314E-04 3.40109E-04 
      3.32458E-04 3.25301E-04 3.17013E-04 3.07787E-04 3.00662E-04 
      2.92857E-04 2.83281E-04 2.74559E-04 2.66611E-04 2.59321E-04 
      2.52577E-04 2.45596E-04 2.38460E-04 2.31942E-04 2.25980E-04 
      2.20492E-04 2.15396E-04 2.10401E-04 2.05974E-04 2.01237E-04 
      1.96511E-04 1.92043E-04 1.87913E-04 1.83393E-04 1.78647E-04 
      1.74189E-04 1.70131E-04 1.66435E-04 1.62965E-04 1.59495E-04 
      1.55952E-04 1.52328E-04 1.48776E-04 1.45646E-04 1.41867E-04 
      1.37779E-04 1.33939E-04 1.30469E-04 1.26731E-04 1.22818E-04 
      1.19286E-04 1.16146E-04 1.13067E-04 1.10215E-04 1.07600E-04 
      1.05190E-04 1.02919E-04 1.00420E-04 9.75328E-05 9.51625E-05 
      9.27697E-05 8.96560E-05 8.69253E-05 8.43470E-05 8.20622E-05 
      7.98855E-05 7.76954E-05 7.54302E-05 7.33471E-05 7.14505E-05 
      6.97114E-05 6.80999E-05 6.65184E-05 6.51212E-05 6.36230E-05 
      6.21311E-05 6.07214E-05 5.94148E-05 5.79887E-05 5.64864E-05 
      5.50779E-05 5.37867E-05 5.26159E-05 5.15152E-05 5.04145E-05 
      4.92943E-05 4.81524E-05 4.70321E-05 4.60436E-05 4.48513E-05 
      4.35591E-05 4.23482E-05 4.12516E-05 4.00716E-05 3.88329E-05 
      3.77117E-05 3.67180E-05 3.57440E-05 3.48441E-05 3.40193E-05 
      3.32573E-05 3.25376E-05 3.17459E-05 3.08325E-05 3.00819E-05 
      2.93272E-05 2.83449E-05 2.74830E-05 2.66686E-05 2.59468E-05 
      2.52600E-05 2.45681E-05 2.38535E-05 2.31946E-05 2.25953E-05 
      2.20445E-05 2.15348E-05 2.10344E-05 2.05927E-05 2.01201E-05 
      1.96495E-05 1.92037E-05 1.87908E-05 1.83409E-05 1.78662E-05 
      1.74214E-05 1.70126E-05 1.66420E-05 1.62940E-05 1.59460E-05 




      1.37807E-05 1.33987E-05 1.30528E-05 1.26801E-05 1.22888E-05 
      1.67019E-05 5.03532E-05 8.89733E-05 1.18762E-04 1.39545E-04 
      1.58867E-04 1.77199E-04 1.98510E-04 2.23623E-04 2.44503E-04 
      2.68372E-04 2.99996E-04 3.29057E-04 3.56978E-04 3.82268E-04 
      4.07915E-04 4.40240E-04 4.74322E-04 5.06465E-04 5.40721E-04 
      5.74152E-04 6.06365E-04 6.38431E-04 6.69660E-04 7.03791E-04 
      7.40847E-04 7.77772E-04 8.14580E-04 8.57309E-04 9.06093E-04 
      9.54732E-04 1.00319E-03 1.05136E-03 1.09936E-03 1.14732E-03 
      1.20080E-03 1.26001E-03 1.31912E-03 1.37803E-03 1.45111E-03 
      1.53684E-03 1.62222E-03 1.70953E-03 1.81087E-03 1.92603E-03 
      2.03952E-03 2.15299E-03 2.26656E-03 2.37969E-03 2.49801E-03 
      4.51085E-03 2.71857E-03 2.85459E-03 3.02134E-03 3.16071E-03 
      3.32388E-03 3.54249E-03 3.76114E-03 3.97919E-03 4.19489E-03 
      4.40989E-03 4.64959E-03 4.91553E-03 5.18080E-03 5.76655E-03 
      5.71228E-03 5.96899E-03 6.22895E-03 6.48781E-03 6.77175E-03 
      7.07769E-03 7.38125E-03 7.68486E-03 8.03793E-03 8.43680E-03 
      8.83330E-03 9.22970E-03 9.62022E-03 1.00070E-02 1.03939E-02 
      1.08230E-02 1.12956E-02 1.17672E-02 1.22307E-02 1.28056E-02 
      1.34802E-02 1.41499E-02 1.48221E-02 1.63844E-02 1.64225E-02 
      1.72639E-02 1.80731E-02 1.88761E-02 1.96463E-02 2.03818E-02 
      2.11167E-02 2.18512E-02 2.27297E-02 2.36990E-02 2.45038E-02 
      2.54330E-02 2.65667E-02 2.75268E-02 2.83613E-02 2.90652E-02 
      3.40727E-02 2.96320E-02 2.91159E-02 2.76583E-02 2.44691E-02 
      1.75353E-02 1.46827E-02 5.13874E-01 1.19065E-01 8.16815E-02 
      7.05739E-02 6.79182E-02 6.32046E-02 6.13096E-02 5.96606E-02 
      5.82183E-02 5.70107E-02 5.51506E-02 5.32817E-02 5.11391E-02 
      4.81835E-02 4.45454E-02 4.03846E-02 3.55231E-02 2.86544E-02 
      1.98594E-02 1.20505E-02 1.05463E-02 4.62102E-02 2.14986E-01 
      7.02148E-01 1.20361E+00 1.17122E+00 9.83451E-01 8.42466E-01 
      7.47732E-01 6.85119E-01 6.31864E-01 5.91761E-01 5.69296E-01 
      5.54063E-01 5.38453E-01 5.34761E-01 5.25067E-01 5.18936E-01 
      5.46879E-01 5.55297E-01 5.60685E-01 5.74050E-01 5.90609E-01 
      6.16980E-01 7.77633E-01 1.30371E+00 6.15364E-01 5.61832E-01 
      5.78703E-01 5.92754E-01 6.16933E-01 6.86794E-01 9.41435E-01 
      1.48004E+00 8.47729E-01 9.59852E-01 1.19054E+00 1.19132E+00 
      8.17177E-01 6.70801E-01 9.78152E-01 9.52438E-01 1.09001E+00 
      1.14820E+00 1.78997E+00 8.46446E-01 1.41903E+00 1.40100E+00 
      1.02847E+00 1.16636E+00 1.13472E+00 1.11477E+00 1.27780E+00 
      1.39400E+00 1.24739E+00 1.16306E+00 1.45273E+00 1.07111E+00 
      1.29041E+00 1.44375E+00 1.29872E+00 1.23317E+00 1.27315E+00 
      1.22789E+00 7.58446E-01 1.25241E+00 1.20408E+00 1.47227E+00 
      1.44952E+00 1.16501E+00 1.80877E+00 1.46506E+00 1.53102E+00 
      1.52239E+00 1.70086E+00 2.03852E+00 1.74664E+00 1.60348E+00 
      1.64040E+00 1.86691E+00 1.64041E+00 1.36477E+00 1.30509E+00 
      1.60157E+00 1.64866E+00 1.97580E+00 1.83308E+00 1.50230E+00 




      1.35494E+00 1.65603E+00 1.82642E+00 1.61556E+00 1.56021E+00 
      1.82610E+00 1.51158E+00 1.85547E+00 1.86522E+00 1.84254E+00 
      1.81227E+00 1.84230E+00 1.91506E+00 1.91426E+00 2.05434E+00 
      1.87027E+00 1.71552E+00 1.79165E+00 1.81663E+00 1.82920E+00 
      1.81748E+00 1.81000E+00 1.62471E+00 1.73598E+00 1.94117E+00 
      1.93738E+00 1.72941E+00 1.66928E+00 1.81030E+00 1.88525E+00 
      1.82935E+00 1.73036E+00 1.76877E+00 1.81619E+00 1.84188E+00 
      1.82281E+00 1.84493E+00 1.82758E+00 1.83570E+00 1.77195E+00 
      1.75947E+00 1.73736E+00 1.78882E+00 1.82892E+00 1.82795E+00 
      1.79954E+00 1.74392E+00 1.75631E+00 1.80029E+00 1.83133E+00 
      1.84432E+00 1.83379E+00 1.81803E+00 1.82137E+00 1.83499E+00 
      1.85249E+00 1.88120E+00 1.88472E+00 1.89192E+00 1.86042E+00 
      1.82722E+00 1.90765E+00 1.92752E+00 1.92122E+00 1.92482E+00 
      1.93397E+00 1.90031E+00 1.86591E+00 1.87907E+00 1.91261E+00 
      1.87590E+00 1.85306E+00 1.87820E+00 1.94491E+00 1.88259E+00 
      1.86124E+00 1.89206E+00 1.90502E+00 1.91799E+00 1.91962E+00 
      1.86539E+00 1.84049E+00 1.84972E+00 1.88416E+00 1.89047E+00 
      1.85078E+00 1.87923E+00 1.92143E+00 1.92018E+00 1.90790E+00 
      1.88826E+00 1.88648E+00 1.89792E+00 1.94004E+00 1.97417E+00 
      1.98258E+00 1.98301E+00 1.97681E+00 1.96412E+00 1.95437E+00 
      2.00352E+00 2.05676E+00 2.03904E+00 2.01660E+00 2.02240E+00 
      2.02842E+00 2.02573E+00 2.02355E+00 2.02506E+00 2.02279E+00 
      2.00808E+00 1.99718E+00 2.00538E+00 2.01802E+00 2.04396E+00 
      2.06781E+00 2.05912E+00 2.04411E+00 2.03215E+00 2.02145E+00 
      2.04099E+00 2.08215E+00 2.10505E+00 2.09645E+00 2.08648E+00 
      2.07273E+00 2.05878E+00 2.05396E+00 2.05260E+00 2.05291E+00 














MCNP6 MODERATED LEU-FUELED REACTOR EXAMPLE INPUT FILE 
MODERATED 
c 200 1 -16.82 108 u=2 imp:n,p=1 
c 201 4 -5.6 -108 u=2 imp:n,p=1 
c 203 0     90 -109  lat=1 u=1 fill=2 imp:n,p=1 
202 3 -2.52     -105 88 -322 IMP:n,p=1 
204 0     -105 -91 322 IMP:n,p=1 
c 219 0 -106 92 -91 fill=1 imp:n,p=1 
c 220 0 -106 105 90 -91 fill=1 imp:n,p=1 
c heat pipes 90 
611 5 -0.968 -611 90 -91 imp:n,p=1 
612 0    -611 91 -93 imp:n,p=1 
613 6 -2.69808 -601 611 90 -91 imp:n,p=1 
614 6 -2.69808 -601 611 91 -93 imp:n,p=1 
631 5 -0.968 -633 90 -91 imp:n,p=1 
632 0    -633 91 -93 imp:n,p=1 
633 6 -2.69808 -603 633 90 -91 imp:n,p=1 
634 6 -2.69808 -603 633 91 -93 imp:n,p=1 
651 5 -0.968 -655 90 -91 imp:n,p=1 
652 0    -655 91 -93 imp:n,p=1 
653 6 -2.69808 -605 655 90 -91 imp:n,p=1 
654 6 -2.69808 -605 655 91 -93 imp:n,p=1 
671 5 -0.968 -677 90 -91 imp:n,p=1 
672 0    -677 91 -93 imp:n,p=1 
673 6 -2.69808 -607 677 90 -91 imp:n,p=1 
674 6 -2.69808 -607 677 91 -93 imp:n,p=1 
c heat pipes 45 
621 5 -0.968 -622 90 -91 imp:n,p=1 
622 0    -622 91 -93 imp:n,p=1 
623 6 -2.69808 -602 622 90 -91 imp:n,p=1 
624 6 -2.69808 -602 622 91 -93 imp:n,p=1 
641 5 -0.968 -644 90 -91 imp:n,p=1 
642 0    -644 91 -93 imp:n,p=1 
643 6 -2.69808 -604 644 90 -91 imp:n,p=1 
644 6 -2.69808 -604 644 91 -93 imp:n,p=1 
661 5 -0.968 -666 90 -91 imp:n,p=1 
662 0    -666 91 -93 imp:n,p=1 
663 6 -2.69808 -606 666 90 -91 imp:n,p=1 
664 6 -2.69808 -606 666 91 -93 imp:n,p=1 




682 0    -688 91 -93 imp:n,p=1 
683 6 -2.69808 -608 688 90 -91 imp:n,p=1 
684 6 -2.69808 -608 688 91 -93 imp:n,p=1 
c celulas internas 
301 407 -5.6 90 -300 105 -205 imp:n,p=1 
401 406 -5.6 90 -300 205 -206 imp:n,p=1 
501 405 -5.6 90 -300 206 -106 tmp=4.3085e-8 imp:n,p=1 
c 701 2 -3.01 90 -300 110 -107 IMP:n,p=1 
801 204 -3.01 90 -300 207 -208 IMP:n,p=1 
901 204 -3.01 90 -300 208 -107 IMP:n,p=1 
302 109 -16.06 300 -301 105 -205 IMP:n,p=1 
402 105 -16.23 300 -301 205 -206 tmp=4.3085e-8 IMP:n,p=1 
502 103 -16.31 300 -301 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 702 2 -3.01 300 -301 110 -107 IMP:n,p=1 
802 203 -3.01 300 -301 207 -208 IMP:n,p=1 
902 203 -3.01 300 -301 208 -107 IMP:n,p=1 
303 408 -5.6 301 -302 105 -205 imp:n,p=1 
403 405 -5.6 301 -302 205 -206 tmp=5.1702e-8 imp:n,p=1 
503 404 -5.6 301 -302 206 -106 imp:n,p=1 
c 703 2 -3.01 301 -302 110 -107 tmp=3.87765e-8 IMP:n,p=1 
803 202 -3.01 301 -302 207 -208 IMP:n,p=1 
903 202 -3.01 301 -302 208 -107 IMP:n,p=1 
304 110 -16.02 302 -303 105 -205 IMP:n,p=1 
404 105 -16.23 302 -303 205 -206 tmp=4.3085e-8 IMP:n,p=1 
504 103 -16.31 302 -303 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 704 2 -3.01 302 -303 110 -107 tmp=3.87765e-8 IMP:n,p=1 
804 202 -3.01 302 -303 207 -208 IMP:n,p=1 
904 202 -3.01 302 -303 208 -107 IMP:n,p=1 
305 409 -5.6 303 -304 105 -205 tmp=6.8936e-8 imp:n,p=1 
405 405 -5.6 303 -304 205 -206 tmp=5.1702e-8 imp:n,p=1 
505 403 -5.6 303 -304 206 -106 tmp=4.3085e-8 imp:n,p=1 
c 705 2 -3.01 303 -304 110 -107 IMP:n,p=1 
805 201 -3.01 303 -304 207 -208 tmp=3.01595e-8 IMP:n,p=1 
905 201 -3.01 303 -304 208 -107 tmp=3.01595e-8 IMP:n,p=1 
306 111 -15.98 304 -305 105 -205 tmp=7.755e-8 IMP:n,p=1 
406 105 -16.23 304 -305 205 -206 tmp=5.1702e-8 IMP:n,p=1 
506 103 -16.31 304 -305 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 706 2 -3.01 304 -305 110 -107 IMP:n,p=1 
806 201 -3.01 304 -305 207 -208 tmp=3.01595e-8 IMP:n,p=1 
906 201 -3.01 304 -305 208 -107 tmp=3.01595e-8 IMP:n,p=1 
307 409 -5.6 305 -306 105 -205 tmp=6.8936e-8 imp:n,p=1 
407 405 -5.6 305 -306 205 -206 tmp=5.1702e-8 imp:n,p=1 
507 403 -5.6 305 -306 206 -106 tmp=4.3085e-8 imp:n,p=1 
c 707 2 -3.01 305 -306 110 -107 IMP:n,p=1 
807 201 -3.01 305 -306 207 -208 tmp=3.01595e-8 IMP:n,p=1 




308 111 -15.98 306 -307 105 -205 tmp=7.755e-8 IMP:n,p=1 
408 105 -16.23 306 -307 205 -206 tmp=5.1702e-8 IMP:n,p=1 
508 103 -16.31 306 -307 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 708 2 -3.01 306 -307 110 -107 tmp=3.01595e-8 IMP:n,p=1 
808 200 -3.01 306 -307 207 -208 tmp=3.01595e-8 IMP:n,p=1 
908 200 -3.01 306 -307 208 -107 tmp=3.01595e-8 IMP:n,p=1 
309 409 -5.6 307 -308 105 -205 tmp=6.8936e-8 imp:n,p=1 
409 405 -5.6 307 -308 205 -206 tmp=5.1702e-8 imp:n,p=1 
509 403 -5.6 307 -308 206 -106 tmp=4.3085e-8 imp:n,p=1 
c 709 2 -3.01 307 -308 110 -107 tmp=3.01595e-8 IMP:n,p=1 
809 200 -3.01 307 -308 207 -208 tmp=3.01595e-8 IMP:n,p=1 
909 200 -3.01 307 -308 208 -107 tmp=3.01595e-8 IMP:n,p=1 
310 111 -15.98 308 -309 105 -205 tmp=7.755e-8 IMP:n,p=1 
410 105 -16.23 308 -309 205 -206 tmp=5.1702e-8 IMP:n,p=1 
510 103 -16.31 308 -309 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 710 2 -3.01 308 -309 110 -107 tmp=3.01595e-8 IMP:n,p=1 
810 200 -3.01 308 -309 207 -208 tmp=3.01595e-8 IMP:n,p=1 
910 200 -3.01 308 -309 208 -107 tmp=3.01595e-8 IMP:n,p=1 
311 409 -5.6 309 -310 105 -205 tmp=6.8936e-8 imp:n,p=1 
411 405 -5.6 309 -310 205 -206 tmp=5.1702e-8 imp:n,p=1 
511 402 -5.6 309 -310 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 711 2 -3.01 309 -310 110 -107 tmp=3.01595e-8 IMP:n,p=1 
811 200 -3.01 309 -310 207 -208 tmp=3.01595e-8 IMP:n,p=1 
911 200 -3.01 309 -310 208 -107 tmp=3.01595e-8 IMP:n,p=1 
312 111 -15.98 310 -311 105 -205 tmp=7.755e-8 IMP:n,p=1 
412 105 -16.23 310 -311 205 -206 tmp=5.1702e-8 IMP:n,p=1 
512 103 -16.31 310 -311 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 712 2 -3.01 310 -311 110 -107 tmp=3.01595e-8 IMP:n,p=1 
812 200 -3.01 310 -311 207 -208 tmp=3.01595e-8 IMP:n,p=1 
912 200 -3.01 310 -311 208 -107 tmp=3.01595e-8 IMP:n,p=1 
313 409 -5.6 311 -312 105 -205 tmp=6.8936e-8 imp:n,p=1 
413 405 -5.6 311 -312 205 -206 tmp=5.1702e-8 imp:n,p=1 
513 402 -5.6 311 -312 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 713 2 -3.01 311 -312 110 -107 tmp=3.01595e-8 IMP:n,p=1 
813 200 -3.01 311 -312 207 -208 tmp=3.01595e-8 IMP:n,p=1 
913 200 -3.01 311 -312 208 -107 tmp=3.01595e-8 IMP:n,p=1 
314 111 -15.98 312 -313 105 -205 tmp=7.755e-8 IMP:n,p=1 
414 105 -16.23 312 -313 205 -206 tmp=5.1702e-8 IMP:n,p=1 
514 103 -16.31 312 -313 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 714 2 -3.01 312 -313 110 -107 tmp=3.01595e-8 IMP:n,p=1 
814 200 -3.01 312 -313 207 -208 tmp=3.01595e-8 IMP:n,p=1 
914 200 -3.01 312 -313 208 -107 tmp=3.01595e-8 IMP:n,p=1 
315 409 -5.6 313 -314 105 -205 tmp=6.8936e-8 imp:n,p=1 
415 405 -5.6 313 -314 205 -206 tmp=5.1702e-8 imp:n,p=1 
515 402 -5.6 313 -314 206 -106 tmp=3.87765e-8 imp:n,p=1 




815 200 -3.01 313 -314 207 -208 tmp=3.01595e-8 IMP:n,p=1 
915 200 -3.01 313 -314 208 -107 tmp=3.01595e-8 IMP:n,p=1 
316 111 -15.98 314 -315 105 -205 tmp=7.755e-8 IMP:n,p=1 
416 105 -16.23 314 -315 205 -206 tmp=5.1702e-8 IMP:n,p=1 
516 103 -16.31 314 -315 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 716 2 -3.01 314 -315 110 -107 tmp=3.01595e-8 IMP:n,p=1 
816 200 -3.01 314 -315 207 -208 tmp=3.01595e-8 IMP:n,p=1 
916 200 -3.01 314 -315 208 -107 tmp=3.01595e-8 IMP:n,p=1 
317 409 -5.6 315 -316 105 -205 tmp=6.8936e-8 imp:n,p=1 
417 405 -5.6 315 -316 205 -206 tmp=5.1702e-8 imp:n,p=1 
517 402 -5.6 315 -316 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 717 2 -3.01 315 -316 110 -107 tmp=3.01595e-8 IMP:n,p=1 
817 200 -3.01 315 -316 207 -208 tmp=3.01595e-8 IMP:n,p=1 
917 200 -3.01 315 -316 208 -107 tmp=3.01595e-8 IMP:n,p=1 
318 111 -15.98 316 -317 105 -205 tmp=7.755e-8 IMP:n,p=1 
418 105 -16.23 316 -317 205 -206 tmp=5.1702e-8 IMP:n,p=1 
518 103 -16.31 316 -317 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 718 2 -3.01 316 -317 110 -107 tmp=3.01595e-8 IMP:n,p=1 
818 200 -3.01 316 -317 207 -208 tmp=3.01595e-8 IMP:n,p=1 
918 200 -3.01 316 -317 208 -107 tmp=3.01595e-8 IMP:n,p=1 
319 409 -5.6 317 -318 105 -205 tmp=6.8936e-8 imp:n,p=1 
419 405 -5.6 317 -318 205 -206 tmp=5.1702e-8 imp:n,p=1 
519 402 -5.6 317 -318 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 719 2 -3.01 317 -318 110 -107 tmp=3.01595e-8 IMP:n,p=1 
819 200 -3.01 317 -318 207 -208 tmp=3.01595e-8 IMP:n,p=1 
919 200 -3.01 317 -318 208 -107 tmp=3.01595e-8 IMP:n,p=1 
320 111 -15.98 318 -319 105 -205 tmp=7.755e-8 IMP:n,p=1 
420 105 -16.23 318 -319 205 -206 tmp=5.1702e-8 IMP:n,p=1 
520 103 -16.31 318 -319 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 720 2 -3.01 318 -319 110 -107 tmp=3.01595e-8 IMP:n,p=1 
820 200 -3.01 318 -319 207 -208 tmp=3.01595e-8 IMP:n,p=1 
920 200 -3.01 318 -319 208 -107 tmp=3.01595e-8 IMP:n,p=1 
321 409 -5.6 319 -320 105 -205 tmp=6.8936e-8 imp:n,p=1 
421 405 -5.6 319 -320 205 -206 tmp=5.1702e-8 imp:n,p=1 
521 402 -5.6 319 -320 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 721 2 -3.01 319 -320 110 -107 tmp=3.01595e-8 IMP:n,p=1 
821 200 -3.01 319 -320 207 -208 tmp=3.01595e-8 IMP:n,p=1 
921 200 -3.01 319 -320 208 -107 tmp=3.01595e-8 IMP:n,p=1 
322 111 -15.98 320 -321 105 -205 tmp=7.755e-8 IMP:n,p=1 
422 107 -16.14 320 -321 205 -206 tmp=5.1702e-8 IMP:n,p=1 
522 103 -16.31 320 -321 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 722 2 -3.01 320 -321 110 -107 tmp=3.01595e-8 IMP:n,p=1 
822 200 -3.01 320 -321 207 -208 tmp=3.01595e-8 IMP:n,p=1 
922 200 -3.01 320 -321 208 -107 tmp=3.01595e-8 IMP:n,p=1 
323 409 -5.6 321 -322 105 -205 tmp=6.8936e-8 imp:n,p=1 




523 402 -5.6 321 -322 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 723 2 -3.01 321 -322 110 -107 tmp=3.01595e-8 IMP:n,p=1  
823 200 -3.01 321 -322 207 -208 tmp=3.01595e-8 IMP:n,p=1 
923 200 -3.01 321 -322 208 -107 tmp=3.01595e-8 IMP:n,p=1 
324 111 -15.98 322 -323 105 -205 tmp=7.755e-8 IMP:n,p=1 
424 107 -16.14 322 -323 205 -206 tmp=5.1702e-8 IMP:n,p=1 
524 103 -16.31 322 -323 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 724 2 -3.01 322 -323 110 -107 tmp=3.01595e-8 IMP:n,p=1 
824 200 -3.01 322 -323 207 -208 tmp=3.01595e-8 IMP:n,p=1 
924 200 -3.01 322 -323 208 -107 tmp=3.01595e-8 IMP:n,p=1 
325 409 -5.6 323 -324 105 -205 tmp=6.8936e-8 imp:n,p=1 
425 405 -5.6 323 -324 205 -206 tmp=5.1702e-8 imp:n,p=1 
525 402 -5.6 323 -324 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 725 2 -3.01 323 -324 110 -107 tmp=3.01595e-8 IMP:n,p=1 
825 200 -3.01 323 -324 207 -208 tmp=3.01595e-8 IMP:n,p=1 
925 200 -3.01 323 -324 208 -107 tmp=3.01595e-8 IMP:n,p=1 
326 111 -15.98 324 -325 105 -205 tmp=7.755e-8 IMP:n,p=1 
426 107 -16.14 324 -325 205 -206 tmp=5.1702e-8 IMP:n,p=1 
526 103 -16.31 324 -325 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 726 2 -3.01 324 -325 110 -107 tmp=3.01595e-8 IMP:n,p=1 
826 200 -3.01 324 -325 207 -208 tmp=3.01595e-8 IMP:n,p=1 
926 200 -3.01 324 -325 208 -107 tmp=3.01595e-8 IMP:n,p=1 
327 409 -5.6 325 -326 105 -205 tmp=6.8936e-8 imp:n,p=1 
427 405 -5.6 325 -326 205 -206 tmp=5.1702e-8 imp:n,p=1 
527 402 -5.6 325 -326 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 727 2 -3.01 325 -326 110 -107 tmp=3.01595e-8 IMP:n,p=1 
827 200 -3.01 325 -326 207 -208 tmp=3.01595e-8 IMP:n,p=1 
927 200 -3.01 325 -326 208 -107 tmp=3.01595e-8 IMP:n,p=1 
328 111 -15.98 326 -327 105 -205 tmp=7.755e-8 IMP:n,p=1 
428 105 -16.23 326 -327 205 -206 tmp=5.1702e-8 IMP:n,p=1 
528 103 -16.31 326 -327 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 728 2 -3.01 326 -327 110 -107 tmp=3.01595e-8 IMP:n,p=1 
828 200 -3.01 326 -327 207 -208 tmp=3.01595e-8 IMP:n,p=1 
928 200 -3.01 326 -327 208 -107 tmp=3.01595e-8 IMP:n,p=1 
329 409 -5.6 327 -328 105 -205 tmp=6.8936e-8 imp:n,p=1 
429 405 -5.6 327 -328 205 -206 tmp=5.1702e-8 imp:n,p=1 
529 402 -5.6 327 -328 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 729 2 -3.01 327 -328 110 -107 tmp=3.01595e-8 IMP:n,p=1 
829 200 -3.01 327 -328 207 -208 tmp=3.01595e-8 IMP:n,p=1 
929 200 -3.01 327 -328 208 -107 tmp=3.01595e-8 IMP:n,p=1 
330 111 -15.98 328 -329 105 -205 tmp=7.755e-8 IMP:n,p=1 
430 107 -16.14 328 -329 205 -206 tmp=5.1702e-8 IMP:n,p=1 
530 103 -16.31 328 -329 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 730 2 -3.01 328 -329 110 -107 IMP:n,p=1 
830 200 -3.01 328 -329 207 -208 tmp=3.01595e-8 IMP:n,p=1 




331 409 -5.6 329 -330 105 -205 tmp=6.8936e-8 imp:n,p=1 
431 405 -5.6 329 -330 205 -206 tmp=5.1702e-8 imp:n,p=1 
531 402 -5.6 329 -330 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 731 2 -3.01 329 -330 110 -107 tmp=3.01595e-8 IMP:n,p=1 
831 200 -3.01 329 -330 207 -208 tmp=3.01595e-8 IMP:n,p=1 
931 200 -3.01 329 -330 208 -107 tmp=3.01595e-8 IMP:n,p=1 
332 111 -15.98 330 -331 105 -205 tmp=7.755e-8 IMP:n,p=1 
432 107 -16.14 330 -331 205 -206 tmp=5.1702e-8 IMP:n,p=1 
532 103 -16.31 330 -331 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 732 2 -3.01 330 -331 110 -107 tmp=3.01595e-8 IMP:n,p=1 
832 200 -3.01 330 -331 207 -208 tmp=3.01595e-8 IMP:n,p=1 
932 200 -3.01 330 -331 208 -107 tmp=3.01595e-8 IMP:n,p=1 
333 409 -5.6 331 -332 105 -205 tmp=6.8936e-8 imp:n,p=1 
433 405 -5.6 331 -332 205 -206 tmp=5.1702e-8 imp:n,p=1 
533 402 -5.6 331 -332 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 733 2 -3.01 331 -332 110 -107 tmp=3.01595e-8 IMP:n,p=1 
833 200 -3.01 331 -332 207 -208 tmp=3.01595e-8 IMP:n,p=1 
933 200 -3.01 331 -332 208 -107 tmp=3.01595e-8 IMP:n,p=1 
334 111 -15.98 332 -333 105 -205 tmp=7.755e-8 IMP:n,p=1 
434 107 -16.14 332 -333 205 -206 tmp=5.1702e-8 IMP:n,p=1 
534 103 -16.31 332 -333 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 734 2 -3.01 332 -333 110 -107 tmp=3.01595e-8 IMP:n,p=1 
834 200 -3.01 332 -333 207 -208 tmp=3.01595e-8 IMP:n,p=1 
934 200 -3.01 332 -333 208 -107 tmp=3.01595e-8 IMP:n,p=1 
335 409 -5.6 333 -334 105 -205 tmp=6.8936e-8 imp:n,p=1 
435 405 -5.6 333 -334 205 -206 tmp=5.1702e-8 imp:n,p=1 
535 402 -5.6 333 -334 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 735 2 -3.01 333 -334 110 -107 tmp=3.01595e-8 IMP:n,p=1 
835 200 -3.01 333 -334 207 -208 tmp=3.01595e-8 IMP:n,p=1 
935 200 -3.01 333 -334 208 -107 tmp=3.01595e-8 IMP:n,p=1 
336 111 -15.98 334 -335 105 -205 tmp=7.755e-8 IMP:n,p=1 
436 107 -16.14 334 -335 205 -206 tmp=5.1702e-8 IMP:n,p=1 
536 103 -16.31 334 -335 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 736 2 -3.01 334 -335 110 -107 tmp=3.01595e-8 IMP:n,p=1 
836 200 -3.01 334 -335 207 -208 tmp=3.01595e-8 IMP:n,p=1 
936 200 -3.01 334 -335 208 -107 tmp=3.01595e-8 IMP:n,p=1 
337 409 -5.6 335 -336 105 -205 tmp=6.8936e-8 imp:n,p=1 
437 405 -5.6 335 -336 205 -206 tmp=5.1702e-8 imp:n,p=1 
537 402 -5.6 335 -336 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 737 2 -3.01 335 -336 110 -107 tmp=3.01595e-8 IMP:n,p=1 
837 200 -3.01 335 -336 207 -208 tmp=3.01595e-8 IMP:n,p=1 
937 200 -3.01 335 -336 208 -107 tmp=3.01595e-8 IMP:n,p=1 
338 111 -15.98 336 -337 105 -205 tmp=7.755e-8 IMP:n,p=1 
438 105 -16.23 336 -337 205 -206 tmp=5.1702e-8 IMP:n,p=1 
538 103 -16.31 336 -337 206 -106 tmp=4.3085e-8 IMP:n,p=1 




838 200 -3.01 336 -337 207 -208 tmp=3.01595e-8 IMP:n,p=1 
938 200 -3.01 336 -337 208 -107 tmp=3.01595e-8 IMP:n,p=1 
339 409 -5.6 337 -338 105 -205 tmp=6.8936e-8 imp:n,p=1 
439 405 -5.6 337 -338 205 -206 tmp=5.1702e-8 imp:n,p=1 
539 402 -5.6 337 -338 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 739 2 -3.01 337 -338 110 -107 tmp=3.01595e-8 IMP:n,p=1 
839 200 -3.01 337 -338 207 -208 tmp=3.01595e-8 IMP:n,p=1 
939 200 -3.01 337 -338 208 -107 tmp=3.01595e-8 IMP:n,p=1 
340 111 -15.98 338 -339 105 -205 tmp=7.755e-8 IMP:n,p=1 
440 105 -16.23 338 -339 205 -206 tmp=5.1702e-8 IMP:n,p=1 
540 103 -16.31 338 -339 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 740 2 -3.01 338 -339 110 -107 tmp=3.01595e-8 IMP:n,p=1 
840 200 -3.01 338 -339 207 -208 tmp=3.01595e-8 IMP:n,p=1 
940 200 -3.01 338 -339 208 -107 tmp=3.01595e-8 IMP:n,p=1 
341 409 -5.6 339 -340 105 -205 tmp=6.8936e-8 imp:n,p=1 
441 405 -5.6 339 -340 205 -206 tmp=5.1702e-8 imp:n,p=1 
541 402 -5.6 339 -340 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 741 2 -3.01 339 -340 110 -107 tmp=3.01595e-8 IMP:n,p=1 
841 200 -3.01 339 -340 207 -208 tmp=3.01595e-8 IMP:n,p=1 
941 200 -3.01 339 -340 208 -107 tmp=3.01595e-8 IMP:n,p=1 
342 111 -15.98 340 -341 105 -205 tmp=7.755e-8 IMP:n,p=1 
442 105 -16.23 340 -341 205 -206 tmp=5.1702e-8 IMP:n,p=1 
542 103 -16.31 340 -341 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 742 2 -3.01 340 -341 110 -107 tmp=3.01595e-8 IMP:n,p=1 
842 200 -3.01 340 -341 207 -208 tmp=3.01595e-8 IMP:n,p=1 
942 200 -3.01 340 -341 208 -107 tmp=3.01595e-8 IMP:n,p=1 
343 409 -5.6 341 -342 105 -205 tmp=6.8936e-8 imp:n,p=1 
443 405 -5.6 341 -342 205 -206 tmp=5.1702e-8 imp:n,p=1 
543 402 -5.6 341 -342 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 743 2 -3.01 341 -342 110 -107 tmp=3.01595e-8 IMP:n,p=1 
843 200 -3.01 341 -342 207 -208 tmp=3.01595e-8 IMP:n,p=1 
943 200 -3.01 341 -342 208 -107 tmp=3.01595e-8 IMP:n,p=1 
344 111 -15.98 342 -343 105 -205 tmp=7.755e-8 IMP:n,p=1 
444 105 -16.23 342 -343 205 -206 tmp=5.1702e-8 IMP:n,p=1 
544 103 -16.31 342 -343 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 744 2 -3.01 342 -343 110 -107 tmp=3.01595e-8 IMP:n,p=1 
844 200 -3.01 342 -343 207 -208 tmp=3.01595e-8 IMP:n,p=1 
944 200 -3.01 342 -343 208 -107 tmp=3.01595e-8 IMP:n,p=1 
345 409 -5.6 343 -344 105 -205 tmp=6.8936e-8 imp:n,p=1 
445 406 -5.6 343 -344 205 -206 tmp=5.1702e-8 imp:n,p=1 
545 402 -5.6 343 -344 206 -106 tmp=3.87765e-8 imp:n,p=1 
c 745 2 -3.01 343 -344 110 -107 tmp=3.01595e-8 IMP:n,p=1 
845 200 -3.01 343 -344 207 -208 tmp=3.01595e-8 IMP:n,p=1 
945 200 -3.01 343 -344 208 -107 tmp=3.01595e-8 IMP:n,p=1 
346 110 -16.02 344 -345 105 -205 tmp=6.8936e-8 IMP:n,p=1 




546 103 -16.31 344 -345 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 746 2 -3.01 344 -345 110 -107 tmp=3.01595e-8 IMP:n,p=1 
846 200 -3.01 344 -345 207 -208 tmp=3.01595e-8 IMP:n,p=1 
946 200 -3.01 344 -345 208 -107 tmp=3.01595e-8 IMP:n,p=1 
347 409 -5.6 345 -346 105 -205 tmp=6.8936e-8 imp:n,p=1 
447 405 -5.6 345 -346 205 -206 tmp=5.1702e-8 imp:n,p=1 
547 403 -5.6 345 -346 206 -106 tmp=4.3085e-8 imp:n,p=1 
c 747 2 -3.01 345 -346 110 -107 IMP:n,p=1 
847 201 -3.01 345 -346 207 -208 IMP:n,p=1 
947 201 -3.01 345 -346 208 -107 IMP:n,p=1 
348 110 -16.02 346 -347 105 -205 tmp=6.8936e-8 IMP:n,p=1 
448 105 -16.23 346 -347 205 -206 tmp=5.1702e-8 IMP:n,p=1 
548 103 -16.31 346 -347 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 748 2 -3.01 346 -347 110 -107 IMP:n,p=1 
848 201 -3.01 346 -347 207 -208 IMP:n,p=1 
948 201 -3.01 346 -347 208 -107 IMP:n,p=1 
349 409 -5.6 347 -348 105 -205 tmp=6.8936e-8 imp:n,p=1 
449 405 -5.6 347 -348 205 -206 tmp=5.1702e-8 imp:n,p=1 
549 403 -5.6 347 -348 206 -106 tmp=4.3085e-8 imp:n,p=1 
c 749 2 -3.01 347 -348 110 -107 IMP:n,p=1 
849 201 -3.01 347 -348 207 -208 IMP:n,p=1 
949 201 -3.01 347 -348 208 -107 IMP:n,p=1 
350 109 -16.82 348 -349 105 -205 tmp=6.8936e-8 IMP:n,p=1 
450 105 -16.23 348 -349 205 -206 tmp=5.1702e-8 IMP:n,p=1 
550 103 -16.31 348 -349 206 -106 tmp=4.3085e-8 IMP:n,p=1 
 
c 750 2 -3.01 348 -349 110 -107 tmp=3.87765e-8 IMP:n,p=1 
850 202 -3.01 348 -349 207 -208 tmp=3.87765e-8 IMP:n,p=1 
950 202 -3.01 348 -349 208 -107 tmp=3.87765e-8 IMP:n,p=1 
351 409 -5.6 349 -350 105 -205 tmp=6.8936e-8 imp:n,p=1 
451 405 -5.6 349 -350 205 -206 tmp=5.1702e-8 imp:n,p=1 
551 404 -5.6 349 -350 206 -106 imp:n,p=1 
c 751 2 -3.01 349 -350 110 -107 tmp=3.87765e-8 IMP:n,p=1 
851 202 -3.01 349 -350 207 -208 tmp=3.87765e-8 IMP:n,p=1 
951 202 -3.01 349 -350 208 -107 tmp=3.87765e-8 IMP:n,p=1 
352 109 -16.06 350 -351 105 -205 tmp=6.8936e-8 IMP:n,p=1 
452 105 -16.23 350 -351 205 -206 tmp=5.1702e-8 IMP:n,p=1 
552 103 -16.31 350 -351 206 -106 tmp=4.3085e-8 IMP:n,p=1 
c 752 2 -3.01 350 -351 110 -107 tmp=4.3085e-8 IMP:n,p=1 
852 203 -3.01 350 -351 207 -208 tmp=4.3085e-8 IMP:n,p=1 
952 203 -3.01 350 -351 208 -107 tmp=4.3085e-8 IMP:n,p=1 
353 408 -5.6 351 -91 105 -205 imp:n,p=1 
453 406 -5.6 351 -91 205 -206 imp:n,p=1 
 
553 405 -5.6 351 -91 206 -106 tmp=5.1702e-8 imp:n,p=1 




853 204 -3.01 351 -91 207 -208 IMP:n,p=1 
953 204 -3.01 351 -91 208 -107 IMP:n,p=1 
C 
C BeO TOP 
C PRIMEIRO NIVEL 
254 2 -3.01 91 -201 -105 imp:n,p=1 
354 2 -3.01 91 -201 105 -205 imp:n,p=1 
454 2 -3.01 91 -201 205 -206 imp:n,p=1 
554 2 -3.01 91 -201 206 -106 imp:n,p=1 
C 754 2 -3.01 91 -201 106 -207 imp:n,p=1 
854 2 -3.01 91 -201 207 -208 IMP:n,p=1 
954 2 -3.01 91 -201 208 -107 IMP:n,p=1 
C SEGUNDO NIVEL 
255 2 -3.01 201 -202 -105 imp:n,p=1 
355 2 -3.01 201 -202 105 -205 imp:n,p=1 
455 2 -3.01 201 -202 205 -206 imp:n,p=1 
555 2 -3.01 201 -202 206 -106 imp:n,p=1 
C 755 2 -3.01 201 -202 106 -207 imp:n,p=1 
855 2 -3.01 201 -202 207 -208 IMP:n,p=1 
955 2 -3.01 201 -202 208 -107 IMP:n,p=1 
C ULTIMO NIVEL 
256 2 -3.01 202 -93 -105 imp:n,p=1 
356 2 -3.01 202 -93 105 -205 imp:n,p=1 
456 2 -3.01 202 -93 205 -206 imp:n,p=1 
556 2 -3.01 202 -93 206 -106 imp:n,p=1 
C 756 2 -3.01 202 -93 106 -207 imp:n,p=1 
856 2 -3.01 202 -93 207 -208 IMP:n,p=1 
956 2 -3.01 202 -93 208 -107 IMP:n,p=1 
223 2 -3.01 -207 106 90 -91 #611 #613 #631 #633 #651 #653 #671 #673 
      #621 #623 #641 #643 #661 #663 #681 #683 vol=4054.6069 imp:n,p=1 
c 224 2 -3.01 -107 105 -90 88 imp:n,p=1 
225 2 -3.01 -207 106 91 -93 #612 #614 #632 #634 #652 #654 #672 #674 
      #622 #624 #642 #644 #662 #664 #682 #684 vol=462.5379 imp:n,p=1 
226 0   (107:93:-88) -999 #1000 #1001 #1002 #1003 imp:n,p=1 
c celulas refletor abaixo 
C PRIMEIRO NIVEL 
357 2 -3.01 -90 86 105 -205 imp:n,p=1 
457 2 -3.01 -90 86 205 -206 imp:n,p=1 
557 2 -3.01 -90 86 206 -106 imp:n,p=1 
757 2 -3.01 -90 86 106 -207 imp:n,p=1 
857 2 -3.01 -90 86 207 -208 IMP:n,p=1 
957 2 -3.01 -90 86 208 -107 IMP:n,p=1 
C SEGUNDO NIVEL 
358 2 -3.01 -86 87 105 -205 imp:n,p=1 
458 2 -3.01 -86 87 205 -206 imp:n,p=1 




758 2 -3.01 -86 87 106 -207 imp:n,p=1 
858 2 -3.01 -86 87 207 -208 IMP:n,p=1 
958 2 -3.01 -86 87 208 -107 IMP:n,p=1 
C ULTIMO NIVEL 
359 2 -3.01 -87 88 105 -205 imp:n,p=1 
459 2 -3.01 -87 88 205 -206 imp:n,p=1 
559 2 -3.01 -87 88 206 -106 imp:n,p=1 
759 2 -3.01 -87 88 106 -207 imp:n,p=1 
859 2 -3.01 -87 88 207 -208 IMP:n,p=1 
959 2 -3.01 -87 88 208 -107 IMP:n,p=1 
c  new outside world 
999  0 999 imp:n,p=0 
c shield 
1000 0     -1000 -1001 IMP:n,p=1 
1001 3 -2.52 -1000  1001 -6 IMP:n,p=1 
1002 3 -2.52 -1000 6 -1002 IMP:n,p=1 
1003 0     -1000 1002 -1003 IMP:n,p=1  
 
 
88 pz -5 
87 pz -3.75 
86 pz -1.25 
90 PZ 0 
91 PZ 43.83 
201 pz 45.08 
202 pz 47.58 
92 pz 22 
93 pz 48.83 
94 PZ 48.85 
105 CZ 2.2 
205 CZ 4.6937 
206 CZ 9.68125 
106 CZ 12.175 
c beo com os heat pipes 
207 CZ 13.45 
208 CZ 15.925 
107 CZ 17.175 
108 PZ 1.3516071 
109 PZ 1.6516071 
c planos especificados por celula 
300 PZ 1.3516071 
 
301 PZ 1.6516071 
302 PZ 3.0032142 
303 PZ 3.3032142 




305 PZ 4.9548213 
306 PZ 6.3064284 
307 PZ 6.6064284 
308 PZ 7.9580355 
309 PZ 8.2580355 
310 PZ 9.6096426 
311 PZ 9.9096426 
312 PZ 11.2612497 
313 PZ 11.5612497 
314 PZ 12.9128568 
315 PZ 13.2128568 
316 PZ 14.5644639 
317 PZ 14.8644639 
318 PZ 16.216071 
 
319 PZ 16.516071 
320 PZ 17.8676781 
321 PZ 18.1676781 
322 PZ 19.5192852 
323 PZ 19.8192852 
324 PZ 21.1708923 
325 PZ 21.4708923 
326 PZ 22.8224994 
327 PZ 23.1224994 
328 PZ 24.4741065 
329 PZ 24.7741065 
330 PZ 26.1257136 
331 PZ 26.4257136 
332 PZ 27.7773207 
333 PZ 28.0773207 
334 PZ 29.4289278 
335 PZ 29.7289278 
336 PZ 31.0805349 
337 PZ 31.3805349 
338 PZ 32.732142 
339 PZ 33.032142 
340 PZ 34.3837491 
341 PZ 34.6837491 
342 PZ 36.0353562 
343 PZ 36.3353562 
344 PZ 37.6869633 
345 PZ 37.9869633 
346 PZ 39.3385704 
347 PZ 39.6385704 
348 PZ 40.9901775 




350 PZ 42.6417846 
351 PZ 42.9417846 
c 352 PZ 43.8300000 
c heat pipes 
601 C/Z -12.8101 0 0.635 
611 C/Z -12.8101 0 0.546 
603 C/Z 0 12.8101 0.635 
633 C/Z 0 12.8101 0.546 
605 C/Z 12.8101 0 0.635 
655 C/Z 12.8101 0 0.546 
607 C/Z 0 -12.8101 0.635 
677 C/Z 0 -12.8101 0.546 
602 C/Z -9.059 9.059 0.635 
622 C/Z -9.059 9.059 0.546 
604 C/Z 9.059 9.059 0.635 
644 C/Z 9.059 9.059 0.546 
606 C/Z 9.059 -9.059 0.635 
666 C/Z 9.059 -9.059 0.546 
608 C/Z -9.059 -9.059 0.635 
688 C/Z -9.059 -9.059 0.546 
c  outside world 
999  so 10000 
c shield surfaces 
1000 trc 0 0 48.83 0 0 110 27.6434 49.03526 
1001 pz 58.83 $10 cm de espaco 
6 pz 61.82 
1002 pz 61.83 $liH shield 
1003 pz 158.83 $end of the cone 
c tally segments 
700 cz  5 
701 cz 10 
702 cz 15 
703 cz 20 
704 cz 25 
705 cz 27.7 
 
 
c KCODE 10000 1.0 30 400 
mode n p 
c sdef axs=0 0 1 pos=0 0 0 ext=d1 rad=d2 
c si1 6 35 
c sp1 0 1 
c si2 3 9 
c sp2 0 1 
m1 92235.70c -0.17775 




      42092.70c -0.01421 
      42094.70c -0.00905 
      42095.70c -0.01575 
      42096.70c -0.01668 
      42097.70c -0.00965 
      42098.70c -0.02463 
      42100.70c -0.01003 
C      54135.70c -0.1e-23  $ Xenon-135 
C      62149.70c -0.1e-23  $ Samarium-149 
C      93237.70c -0.1e-23  $ Neptunium-237 
C      93238.70c -0.1e-23  $ Neptunium-238 
C      93239.70c -0.1e-23  $ Neptunium-23 
C      94238.70c -0.1e-23  $ Plutonium-238 
C      94239.70c -0.1e-23  $ Plutonium-239 
C      94240.70c -0.1e-23  $ Plutonium-240 
C      94241.70c -0.1e-23  $ Plutonium-241 
C      
m100 92235.00c -0.17775 
      92238.00c -0.72225 
      42092.00c -0.01421 
      42094.00c -0.00905 
      42095.00c -0.01575 
      42096.00c -0.01668 
      42097.00c -0.00965 
      42098.00c -0.02463 
      42100.00c -0.01003 
m101 92235.01c -0.17775 
      92238.01c -0.72225 
      42092.01c -0.01421 
      42094.01c -0.00905 
      42095.01c -0.01575 
      42096.01c -0.01668 
      42097.01c -0.00965 
      42098.01c -0.02463 
      42100.01c -0.01003 
m102 92235.02c -0.17775 
      92238.02c -0.72225 
      42092.02c -0.01421 
      42094.02c -0.00905 
      42095.02c -0.01575 
      42096.02c -0.01668 
      42097.02c -0.00965 
      42098.02c -0.02463 
      42100.02c -0.01003 
m103 92235.03c -0.17775 




      42092.03c -0.01421 
      42094.03c -0.00905 
      42095.03c -0.01575 
      42096.03c -0.01668 
      42097.03c -0.00965 
      42098.03c -0.02463 
      42100.03c -0.01003 
m104 92235.04c -0.17775 
      92238.04c -0.72225 
      42092.04c -0.01421 
      42094.04c -0.00905 
      42095.04c -0.01575 
      42096.04c -0.01668 
      42097.04c -0.00965 
      42098.04c -0.02463 
      42100.04c -0.01003 
m105 92235.05c -0.17775 
      92238.05c -0.72225 
      42092.05c -0.01421 
      42094.05c -0.00905 
      42095.05c -0.01575 
      42096.05c -0.01668 
      42097.05c -0.00965 
      42098.05c -0.02463 
      42100.05c -0.01003 
m106 92235.06c -0.17775 
      92238.06c -0.72225 
      42092.06c -0.01421 
      42094.06c -0.00905 
      42095.06c -0.01575 
      42096.06c -0.01668 
      42097.06c -0.00965 
      42098.06c -0.02463 
      42100.06c -0.01003 
m107 92235.07c -0.17775 
      92238.07c -0.72225 
      42092.07c -0.01421 
      42094.07c -0.00905 
      42095.07c -0.01575 
      42096.07c -0.01668 
      42097.07c -0.00965 
      42098.07c -0.02463 
      42100.07c -0.01003 
m108 92235.08c -0.17775 
      92238.08c -0.72225 




      42094.08c -0.00905 
      42095.08c -0.01575 
      42096.08c -0.01668 
      42097.08c -0.00965 
      42098.08c -0.02463 
      42100.08c -0.01003 
m109 92235.09c -0.17775 
      92238.09c -0.72225 
      42092.09c -0.01421 
      42094.09c -0.00905 
      42095.09c -0.01575 
      42096.09c -0.01668 
      42097.09c -0.00965 
      42098.09c -0.02463 
      42100.09c -0.01003 
m110 92235.10c -0.17775 
      92238.10c -0.72225 
      42092.10c -0.01421 
      42094.10c -0.00905 
      42095.10c -0.01575 
      42096.10c -0.01668 
      42097.10c -0.00965 
      42098.10c -0.02463 
      42100.10c -0.01003 
m111 92235.11c -0.17775 
      92238.11c -0.72225 
      42092.11c -0.01421 
      42094.11c -0.00905 
      42095.11c -0.01575 
      42096.11c -0.01668 
      42097.11c -0.00965 
      42098.11c -0.02463 
      42100.11c -0.01003 
m112 92235.12c -0.17775 
      92238.12c -0.72225 
      42092.12c -0.01421 
      42094.12c -0.00905 
      42095.12c -0.01575 
      42096.12c -0.01668 
      42097.12c -0.00965 
      42098.12c -0.02463 
      42100.12c -0.01003 
m113 92235.13c -0.17775 
      92238.13c -0.72225 
      42092.13c -0.01421 




      42095.13c -0.01575 
      42096.13c -0.01668 
      42097.13c -0.00965 
      42098.13c -0.02463 
      42100.13c -0.01003 
m114 92235.14c -0.17775 
      92238.14c -0.72225 
      42092.14c -0.01421 
      42094.14c -0.00905 
      42095.14c -0.01575 
      42096.14c -0.01668 
      42097.14c -0.00965 
      42098.14c -0.02463 
      42100.14c -0.01003 
m115 92235.15c -0.17775 
      92238.15c -0.72225 
      42092.15c -0.01421 
      42094.15c -0.00905 
      42095.15c -0.01575 
      42096.15c -0.01668 
      42097.15c -0.00965 
      42098.15c -0.02463 
      42100.15c -0.01003 
m116 92235.16c -0.17775 
      92238.16c -0.72225 
      42092.16c -0.01421 
      42094.16c -0.00905 
      42095.16c -0.01575 
      42096.16c -0.01668 
      42097.16c -0.00965 
      42098.16c -0.02463 
      42100.16c -0.01003 
m117 92235.17c -0.17775 
      92238.17c -0.72225 
      42092.17c -0.01421 
      42094.17c -0.00905 
      42095.17c -0.01575 
      42096.17c -0.01668 
      42097.17c -0.00965 
      42098.17c -0.02463 
      42100.17c -0.01003 
m2 4009.70c 1 8016.70c 1 
m200 4009.00c 1 8016.00c 1 
m201 4009.01c 1 8016.01c 1 
m202 4009.02c 1 8016.02c 1 




m204 4009.04c 1 8016.04c 1 
m205 4009.05c 1 8016.05c 1 
m206 4009.06c 1 8016.06c 1 
m207 4009.07c 1 8016.07c 1 
m208 4009.08c 1 8016.08c 1 
m209 4009.09c 1 8016.09c 1 
m210 4009.10c 1 8016.10c 1 
m211 4009.11c 1 8016.11c 1 
m212 4009.12c 1 8016.12c 1 
m213 4009.13c 1 8016.13c 1 
m214 4009.14c 1 8016.14c 1 
m215 4009.15c 1 8016.15c 1 
m216 4009.16c 1 8016.16c 1 
m217 4009.17c 1 8016.17c 1 
MT2 be/o.10t o/be.10t 
MT200 be/o.00t o/be.00t 
MT201 be/o.01t o/be.01t 
MT202 be/o.02t o/be.02t 
MT203 be/o.03t o/be.03t 
MT204 be/o.04t o/be.04t 
MT205 be/o.05t o/be.05t 
MT206 be/o.06t o/be.06t 
MT207 be/o.07t o/be.07t 
MT208 be/o.08t o/be.08t 
MT209 be/o.09t o/be.09t 
MT210 be/o.10t o/be.10t 
MT211 be/o.11t o/be.11t 
MT212 be/o.12t o/be.12t 
MT213 be/o.13t o/be.13t 
MT214 be/o.14t o/be.14t 
MT215 be/o.15t o/be.15t 
MT216 be/o.16t o/be.16t 
MT217 be/o.17t o/be.17t 
m3 5010.70c -0.727969 5011.70c -0.042145 6000.70c -0.229886 
m4 40090.70c -0.5061787 
      40091.70c -0.1103853 
      40092.70c -0.1687262 
      40094.70c -0.170989 
      40096.70c -0.0275472 
      1001.70c -0.0161736 
m400 40090.00c -0.5061787 
      40091.00c -0.1103853 
      40092.00c -0.1687262 
      40094.00c -0.170989 
      40096.00c -0.0275472 




m401 40090.01c -0.5061787 
      40091.01c -0.1103853 
      40092.01c -0.1687262 
      40094.01c -0.170989 
      40096.01c -0.0275472 
      1001.01c -0.0161736 
m402 40090.02c -0.5061787 
      40091.02c -0.1103853 
      40092.02c -0.1687262 
      40094.02c -0.170989 
      40096.02c -0.0275472 
      1001.02c -0.0161736 
m403 40090.03c -0.5061787 
      40091.03c -0.1103853 
      40092.03c -0.1687262 
      40094.03c -0.170989 
      40096.03c -0.0275472 
      1001.03c -0.0161736 
m404 40090.04c -0.5061787 
      40091.04c -0.1103853 
      40092.04c -0.1687262 
      40094.04c -0.170989 
      40096.04c -0.0275472 
      1001.04c -0.0161736 
m405 40090.05c -0.5061787 
      40091.05c -0.1103853 
      40092.05c -0.1687262 
      40094.05c -0.170989 
      40096.05c -0.0275472 
      1001.05c -0.0161736 
m406 40090.06c -0.5061787 
      40091.06c -0.1103853 
      40092.06c -0.1687262 
      40094.06c -0.170989 
      40096.06c -0.0275472 
      1001.06c -0.0161736 
m407 40090.07c -0.5061787 
      40091.07c -0.1103853 
      40092.07c -0.1687262 
      40094.07c -0.170989 
      40096.07c -0.0275472 
      1001.07c -0.0161736 
m408 40090.08c -0.5061787 
      40091.08c -0.1103853 
      40092.08c -0.1687262 




      40096.08c -0.0275472 
      1001.08c -0.0161736 
m409 40090.09c -0.5061787 
      40091.09c -0.1103853 
      40092.09c -0.1687262 
      40094.09c -0.170989 
      40096.09c -0.0275472 
      1001.09c -0.0161736 
m410 40090.10c -0.5061787 
      40091.10c -0.1103853 
      40092.10c -0.1687262 
      40094.10c -0.170989 
      40096.10c -0.0275472 
      1001.10c -0.0161736 
m411 40090.11c -0.5061787 
      40091.11c -0.1103853 
      40092.11c -0.1687262 
      40094.11c -0.170989 
      40096.11c -0.0275472 
      1001.11c -0.0161736 
m412 40090.12c -0.5061787 
      40091.12c -0.1103853 
      40092.12c -0.1687262 
      40094.12c -0.170989 
      40096.12c -0.0275472 
      1001.12c -0.0161736 
m413 40090.13c -0.5061787 
      40091.13c -0.1103853 
      40092.13c -0.1687262 
      40094.13c -0.170989 
      40096.13c -0.0275472 
      1001.13c -0.0161736 
m414 40090.14c -0.5061787 
      40091.14c -0.1103853 
      40092.14c -0.1687262 
      40094.14c -0.170989 
      40096.14c -0.0275472 
      1001.14c -0.0161736 
m415 40090.15c -0.5061787 
      40091.15c -0.1103853 
      40092.15c -0.1687262 
      40094.15c -0.170989 
      40096.15c -0.0275472 
      1001.15c -0.0161736 
m416 40090.16c -0.5061787 




      40092.16c -0.1687262 
      40094.16c -0.170989 
      40096.16c -0.0275472 
      1001.16c -0.0161736 
m417 40090.17c -0.5061787 
      40091.17c -0.1103853 
      40092.17c -0.1687262 
      40094.17c -0.170989 
      40096.17c -0.0275472 
      1001.17c -0.0161736 
MT4 h/zr.10t zr/h.10t 
MT400 h/zr.00t zr/h.00t 
MT401 h/zr.01t zr/h.01t 
MT402 h/zr.02t zr/h.02t 
MT403 h/zr.03t zr/h.03t 
MT404 h/zr.04t zr/h.04t 
MT405 h/zr.05t zr/h.05t 
MT406 h/zr.06t zr/h.06t 
MT407 h/zr.07t zr/h.07t 
MT408 h/zr.08t zr/h.08t 
MT409 h/zr.09t zr/h.09t 
MT410 h/zr.10t zr/h.10t 
MT411 h/zr.11t zr/h.11t 
MT412 h/zr.12t zr/h.12t 
MT413 h/zr.13t zr/h.13t 
MT414 h/zr.14t zr/h.14t 
MT415 h/zr.15t zr/h.15t 
MT416 h/zr.16t zr/h.16t 
MT417 h/zr.17t zr/h.17t 
m5 11023.70c 1 
m6 13027.70c 1 $aluminum 99.9998% 
m10 1001.70c 1 3007.80c 1   
c MT6 al27.10t 
c  Surface on the outside of the cylinder, notice direction (+/-) matters 
c SSW  93 107 -88 
f52:n 1002 
E52 1 30 
c fc6 tally photon em 1002 EM RAD 
f6:p 1002  
fm6  1.602E-08 
print 
prdmp  2j 1  $creates a mctal file, opens in ANY version of MCNP or Vised 
TMESH 
  RMESH1:n 
 cora1 -100 5i -40 19i 40 5i 100 








c Tungsten    d=-19.300000  , ref PNNL-15870 Rev1  
m631 74180.80c  -1.1982e-003  74182.80c  -2.6499e-001  74183.80c 
c Lithium Hydride    d=-0.820000  , ref PNNL-15870 Rev1 
m477 1001.70c -1.2678e-001 1002.80c -1.9748e-005 3006.80c -6.6269e-002 
      3007.80c -8.0694e-001 
wwg 52 0   
MESH geom = rec origin= -100 -100 -100 ref= 0 0 58.9   
      IMESH  -40 40 100 
       iints 5 15 5 
      JMESH -40 40 100 
       jints 5 15 5 
      KMESH -5 58.9 62.83 66 100 
       kints 1 1 5 5  5 
wwp:p 4j -1 
wwp:n 4j -1 
